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ABSTRACT 

This  4-year,  URI-Lutiation  project  on  fretting  corrosion  terminated  July  31,  1997.  The 
project  examined  the  basic  mechanics  and  tribological,  and  corrosion  response  of  mult^le  rivet,  one 
and  two  rivet-row,  lap  joints.  2-D  and  3-D  finite  element  analyses  of  the  joint  have  been  used  to 
calculate  the  tribological  parameters  governing  fretting  as  well  as  the  effects  of  intereference  and 
clanq)ing  on  fretting  wear  and  fretting  fatigue  parameters.  A  piezoelectricaUy-dxiven  fretting  wear 
machine  that  can  simulate  the  fretting  conditions  in  connections  has  been  constructed.  In  this  way 
the  specific  fretting  wear  rates  of 7075-T6  and  2024-T3  in  contact  with  aluminum  and  hardened  steel 
under  dry  and  corrosive  conditions  have  been  measured.  Finally,  small,  one-rivet-row  and  2-rivet- 
row  lap  joints  have  been  cyclicalfy  tested  under  dry  and  corrode  conditions  and  examined  for  fretting 
damage. 
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1.  PROJECT  SCOPE 

The  project  had  2  general  objectives.  One  was  to  generate  analytical  and  experimental 
capabilities  for  treating  fretting  in  riveted  connections.  The  second  was  to  assess  the  contributions 
of  fretting  to  the  corrosive  deterioration  of  aging  airframes.  To  accomplish  this,  the  drivers  for 
fretting  wear  and  frettiing  fiitigue  in  riveted  connections  were  calculated  and  the  specific  fretting  wear 
rates  of  alumimim  alloy  under  the  appropriate  conditions  were  measured.  These  quantities  provide 
a  ba^  for  predicting  the  fretting  wear  damage  in  the  riveted  connection.  Such  predictions  have  been 
compared  with  tests  on  laboratory-size,  1-rivet-row  and  2-rivet-row  lap  joints. 

The  work  drew  on  the  advances  of  a  second,  concurrent  AFOSR  Project  (F49620-93-1- 
0268)  which  devised  2D  and  3D  finite  element  analyses  of  cyclically  loaded,  one  rivet-row,  and  two 
rivet-row  lap  joints  have  been  devised.  The  present  project  employed  these  analyses  to  evaluate  the 
mechanical  features  controlling  fretting  damage.  These  include  the  contact  pressures  at  the  rivet- 
panel  and  panel-panel  interfaces,  the  local  shp  amplitudes  and  the  tangential  cycHc  tensile  stresses. 
The  effects  of  interference  and  clamping  on  these  features  and  on  the  drivers  for  fretting  wear  and 
fretting  fatigue  were  also  calculated. 

The  combined  effects  of  the  fretting  drivers  can  be  expressed  approximately  by  Fj  and  Fj: 

Fretting  wear;  depth  of  the  wear  scar,  y  =  N(Ws/^)  Fj 
Fretting  fatigue;  the  cyclic  life,  Nj  =f(l/F2) 

wfrere:  Fj  (fretting  wear  parameter)  =  p-p-6;  Fj  (fretting  fatigue  parameter)  =  Fi*o;  pis  the 
coefficient  of  friction,  p  is  the  contact  pressure,  6  is  the  slip  amplitude,  Wg  is  the  specific  fretting 
wear  rate,  N  is  the  nmnber  of  fretting  cycles  and  Nf  is  the  fretting  fatigue  life.  The  quantities;  p,  6, 
and  o  were  derived  from  the  finite  element  analyese;  p  and  Wg  from  the  measurements. 
Alternatively,  the  stress  fields  defined  by  the  finite  element  analyses  could  be  inserted  into  the  more 
detailed  analysis  of  fretting  fatigue  currently  being  developed  with  AFOSR  support  by  Farris  and 
coworkers  at  Purdue  University.  The  quantity  Wg,  the  specific  fretting  wear  rate,  depends  on  the 
nature  of  the  contacting  material,  the  shp  ampfitude  and  the  corrosive  environment. 

A  piezoelectrically-diiven  fretting  wear  machine  that  can  simulate  the  fretting  conditions  m 
connections  has  been  constructed.  The  machine  has  been  used  to  measure  the  friction  coefficients 
and  the  specific  fretting  wear  rates  of  7075-T6  and  2024- T3  in  contact  with  aluminum  and  hardened 
steel  imder  dry  and  corrosive  conditions.  Finalfy,  .small,  one-iivet-row  and  2-rivet-row  lap  joints  have 
been  cychcally  tested  under  dry  and  corrosive  conditions  and  examined  for  fretting  damage. 

The  analyses  developed  here  identify  the  locations  and  the  local  conditions  reponsible  for 
fatigue  and  fretting  damage.  They  advance  the  understanding  of  the  mechanisms  of  failme  of  lap 
joints  and  their  performance  and  point  to  the  locations  where  sensitive  NDE  can  detect  early  signs 
of  damage.  Finally,  the  modelling  provides  a  tool  for  optimizing  the  design  of  joints  and  rivets. 
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2.  EXECUTIVE  SUMMARY 

2.1  Finite  Element  Analyses  of  One  and  Two  Rivet-Row  Lap  Joints 

The  analysis  of  a  riveted  lap  joint  is  a  cocoplex,  S-dimenaonal  problem  which  has  only  recently 
become  tractable  with  advanced  con^utational  facilities.  The  only  other  3-D  analyses  of  riveted 
connections  reported  thus  fir  were  performed  by  Fung  and  Smart  (4. 1)  in  Britain  conteicporary  with 
the  work  of  this  project.  This  project  drew  on  the  advances  made  by  a  second  AFOSR  project 
(F49620-93- 1-0268)  which  developed  a  more  refined  2-D  model  and  several  3-D  models  of  a  one 
and  two  rivet-row  lap  joints  with  conventional  and  countersunk  rivet  heads  (4.2-4. 10).  The  2-D 
model  is  valid  representation  of  a  butt  joint  with  stiff  pins.  The  3-D  models  treat  the  out-of-plane 
bending  and  rivet  tilting  that  accotcpany  the  loading  of  a  lap  joint  and  which  have  m^ortant 
consequences  for  both  fiitigue  and  firetting.  Results  showing  the  bending,  tilting  and  the  distribution 
of  stress  in  lap  joints  are  presented  in  Figure  1  and  Table  1  (4.7-4. 10).  Fung  and  Smart  report  the 
stresses  generated  in  the  rivet  and  panels  of  a  1-rivet-row  lap  joint,  but  have  not  examined  the 
mechanical  parameters  that  promote  the  fi'etting  of  a  cyclically  loaded  connection  (4. 1).  These  were 
evaluated  by  the  present  project  for  the  first  time  and  include  the  local  contact  pressures  and  slip 
amplitudes  at  the  rivet  panel  and  panel-panel  interfaces  and  the  adjacent,  tangential,  cyclic  stresses 
as  well  as  the  values  ofFj.  and  Fj .  These  quantities  not  only  depend  on  load  and  the  rivet  and  joint 
geometry,  but  also  on  the  amotmts  of  interface  friction,  interference  and  clamping. 

2.2  Location  of  Fatigue  and  Fretting  Fatigue  Critical  Regions  and  the  Effects  of 
Interference  and  Clamping 

The  finite  element  calculations  (see  ^(^pendix  A  and  B)  identify  the  3  general  sites  for  firetting 
fatigue  identified  in  Figure  2.  Exan^les  of  the  variations  of  the  local  contact  pressure,  slip 
amplitude,  the  cyclic  stress  ajacent  to  the  interface  and  F2  at  location  A  are  illustrated  in  Figme  3. 
Figure  4  diows  exan^les  of  firetting  fotigue  in  locations  A.  Figures  3  a  and  3b,  for  a  single  rivet-row 
lap  joint,  illustrate  the  effects  of  interference  and  clanging  on  the  variations  of  the  in-plane  contact 
pressure  and  sl^  with  angular  location  and  depth  (t).  The  effects  of  interference  and  clanging  on  Ao 
and  Fj ,  the  drivers  for  conventional,  in-plane  fetigue  and  fi’etting  fatigue  (at  the  rivet-panel  interface) 
are  shown  in  Table  1  (see  entries  5,6  and  7,  and  also  13  and  14)  and  Figure  3b  and  3c.  An  exanq)le 
of  tbifi  type  of  firetting  fotigue  is  shown  in  Figure  4a.  Qualitatively  similar  results  are  obtained  for  the 
2  rivet-row  joint.  Other  findmg.s  are  listed  below;  those  with  design  in^lications  are  printed  in  italics: 

(i)  The  quantities:  Ao,  p,  6  ,  and  Fj  display  gradients  in  the  out-of-plane  direction 
(Figure  3a).  The  drivers  for  fatigue  and  firetting  usually  peak  at  the  interior  panel- 
panel  interface  because  of  panel  bending  (  see  Figure  1). 

(ii)  The  angular  locations  of  the  fatigue  critical  regions  depend  on  the  contribution  of 


Figure  1.  Results  of  finite  element  calculations  of  the  distortion  and  local  panel  stresses  of  riveted  lap  joints:  (a)  single  rivet-row  with  conventional  rivets, 
(b)  single  rivet-row  with  countersunk  rivets  and  (c)  double  rivet-row  with  countersunk  rivets.  Displacements  are  magnified  3x.  The  contour  plots  on  the  right 
describe  the  an  -  stress  field  and  identify  the  (peak)  stress  concentration  factor  (SCF)  and  its  physical  location. 
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Figure  2.  Regions  of  the  joint  interfaces  where  contact  pressure  and  slip  are  combined  with  cyclic  tension 
favorable  for  fretting  fatigue:  (A)  rivet  shank-panel  interface  (near  the  0  =  0°  and  0  =  180°  angular  locations)  and  (B) 
panel-panel  interface  where  the  edge  of  the  lower  panel  hole  rubs  against  the  upper  panel.  Contact  in  regions  (C)  and 
(D)  is  attended  by  low  values  of  cyclic  tension  and  produce  only  fretting  wear. 


Table  1 .  SUMMARY  OF  PEAK  STRESS  CONCENTRATIONS  AND  THEIR  ANGULAR  LOCATIONS 


if 

Joint  Type 

u 

%  Interference  (I) 
and  Clamping  (C) 

Tensile  SCF 

value 

0  range ,  ° 

1 

Single  rivet-row  with  non-countersunk 
aluminum  rivets 

0.4 

01,  oc 

5.3 

-14.9°  to  8.6° 

2 

Single  rivet-row  with  non-countersunk 
aluminum  rivets 

0.4 

1 1,  oc 

■a 

4.3°  to  8.6° 

H 

Single  rivet-row  with  non-countersunk 
aluminum  rivets 

0.4 

1 1,  0.5  C 

4.1 

4.3°  to  8.6° 

H 

Single  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  steel  rivets 

0.2 

01,  OC 

8.8* 

-13.5°  to  11.2° 

5 

Single  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  aluminum  rivets 

0.4 

01,  OC 

5.8 

-11.4°  to  5.4° 

6 

Single  rivet-row  with  countersunk  (100°, 

1/2  panel  depth)  aluminum  rivets 

0.4 

1  I,  OC 

5.0 

8.7°  to  22.5° 

7 

Single  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  aluminum  rivets 

0.4 

2  I,  0.5  C 

■B 

15.6°  to  22.5° 

8 

Single  rivet-row  with  countersunk  (61.6°, 
full  panel  depth)  aluminum  rivets 

0.2 

01,  OC 

10.5* 

-17.4°  to  5.4° 

9 

Single  rivet-row  with  countersunk  (100°, 
full  panel  depth)  aluminum  rivets 

0.2 

01,  OC 

12.1* 

-12.7°  to  0° 

10 

Double  rivet-row  with  non-countersunk 
aluminum  rivets 

0.2 

01,  OC 

4.4* 

-10.9°  to  6.2° 

11 

Double  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  aluminum  rivets 

0.2 

0  I,  0  c 

6.1* 

-15.6°  to  9.8° 

12 

Double  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  steel  rivets 

0.2 

01,  OC 

5.9* 

-13.2°  to  10.7° 

13 

Double  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  aluminum  rivets 

0.4 

01,  oc 

5.6 

-15.6°  to -4.3° 

14 

Double  rivet-row  with  countersunk  (100°, 
1/2  panel  depth)  aluminum  rivets 

0.4 

1  I,  oc 

5.0 

4.3°  to  15.6° 

*  value  obtained  from  elastic  calculation.  The  remaining  values  are  obtained  from  elastic-plastic  calculations 


Figure  3.  Effects  of  interference  and  clamping  on  the  contact  conditions  and  fatigue  and  fretting  drivers  at  the 
rivet  shank-panel  interface  of  a  lap  joint  (  at  the  depth  of  the  interior  panel  interface  )  including  the  angular  variation 
of;  (a)  contact  pressure,  p,  (b)  slip  amplitude,  5,  (c)  panel  hole  circumferential  stress  range,  Act,  and  (d)  fretting 
fatigue  parameter,  F2.  The  curves  were  obtained  for  a  single  rivet-row  joint  with  conventional,  non-countersunk  rivet 
heads  for  5  combinations  of  interference  (I)  and  clamping  (C):  (AO)  I  =  0%,C  =  0%:(A1)I  =  1%,C  =  0%;  (A2)  1 
=  2%,  C  =  0%;  (A3)  I  =  0%,  C  =  0.5%;  (A4)  I  =  1%,  C  =  0.5%. 
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(a)  (b) 

Figure  4.  Examples  of  fretting  fatigue  at  different  locations  of  a  single  rivet-row  lap  joint:  (a) 
fretting  fatigue  at  the  countersunk  rivet  shank-panel  interface  near  0=0°  and  6  =  180°  (location 
A  in  Figure  2),  (b)  fretting  fatigue  at  the  rivet  shank-panel  interface  (location  B  in  Figure  2). 
Fretting  at  the  rivet  shank-panel  interface  at  0  =  90°  (location  D  in  Figure  2)  produces  wear  but 
no  fatigue  cracks.  Arrows  point  to  fretting  fatigue  cracks. 
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fretting  as  well  as  on  interference  and  clamping  (Figures  3c  and  3d). 

(iii)  Interference  and  clamping  dramatically  reduce  the  drivers  for  in-plane  fatigue  and 
fretting  fatigue  (Figures  3a  -  3d).  However,  the  interference  produced  by  a 
uniform  expansion  of  the  rivet  shank  is  not  optimum  at  the  panel-panel  interface 
location. 

(iv)  Large  slip  anq)litudes  at  the  panel-panel  interface  coupled  with  out  of  plane 
movement  of  the  rivet  head  and  a  compliant  panel  hole-edge  promote  fretting 
fatigue  at  the  panel-panel  interface  (Figures  2  and  4b). 

(v)  The  stresses  generated  in  the  rivet  bodies  are  sensitive  to  rivet  and  panel 
geometry. 

2.3  Analyses  of  Fretting  Fatigue  Lives. 

The  present  analyses,  which  allow  the  evaluation  of  peak  values  of  Fj ,  provide  a  rough 
measure  of  the  fretting  fatigue  life.  This  is  based  on  the  findings  of  Novell  and  Hills  (4. 11)  who 
demonstrate  the  following  relation  between  Fj  and  the  cyclic  life,  N  for  an  ahiminiuu  alloy: 

N  >  10’  when  Fj  <  4  •  10^  Pa’m  and 
N  «  10’  when  Fj  >  4  •  10^  Pa’m. 

Viewed  in  this  light,  the  Fj-values  given  in  Table  2  for  a  nominal  cycHc  stress  of  90  MPa  provide 
rough  estimates  of  the  joint  fretting  fatigue  lives  of  the  various  lap  joints.  These  results  indicate  that 
only  the  double  rivet-row  joint  with  interference  is  hkely  to  display  a  long  life.  In  this  case, 
the  nominal  cychc  stress  must  be  reduced  by  more  than  50%  to  condensate  for  the  absence  of 
interference  because  Fj «  Ao*.  The  lives  of  the  single  rivet-row  joint  at  this  stress  will  be  very  short 
even  with  interference.  Consistent  with  this  prediction,  single  row  lap  joint  specimens  with  the 
same  geometry  as  the  finite  element  model  and  with  interference,  friled  after  as  few  as  N  =  3*10’ 
stress  cycles  at  a  nominal  cyclic  stress  of  65  MPa. 


TABLE  2.  PEAK  Fj-VALUES  CALCULATED  FOR  DIFFERENT  CONNECTIONS 


Fretting  Fatigue 
Driver 

0%  Interference 

1%  Interference 

Single 

Rivet-Row 

Double 

Rivet-Row 

Single 

Rivet-Row 

Peak  Fa.  10'“  Pa'.m 

297.4 

75.1 

30.0 

0.12 
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2.4  Piezoelectric- Actuated  Fretting  Wear  Machine 

A  piezoelectric  crystal-driven  fretting  wear  machine  has  been  constructed  that  can  generate 
the  fretting  wear  conditions  found  in  connections,  e.  g.,  contact  pressures  up  to  ~1  GPa  and  the 
wide  range  of  slip  amplitudes  from  1  pm  to  80  pm  A  complete  description  and  drawings  of  the 
device  can  be  foimd  in  Appendix  C  (4. 12).  Tests  can  be  performed  either  in  laboratory  air,  in  an 
atmosphere,  under  corrosive  conditions  or  vacuum  Profilometer  measurements  of  the  wear  scar 
define  the  specific  fretting  wear  rate  (see  Appnedices  D  and  E).  The  device  is  also  instrumented  to 
measure  the  friction  force-slip  hysteresis  loop  which  is  used  to  define  the  fiiction  condition  (stick, 
mixed  s%- stick,  etc.)  and  the  fiiction  coefficient.  Examples  are  reproduced  in  Figure  5. 

2.5  Specific  Fretting  Wear  Rates  of  Airframe  Materials 

Values  of  the  fiiction  coefficient  and  specific  fretting  wear  rates  for  contact  between  the 
following  couples:2024-T3  /  2024-T3,  7075-T6  /  7075-T6,  2024-T3  /  hardened  steel,  and  7075-T6 
/  hardened  steel  under  dry  and  corrosive  conditions  have  been  obtained.  Exanqrles  of  the  results  can 
be  found  in  Figure  6  and  in  Appendices  D  and  E.  Corrosive  conditions  elevate  the  specific  wear  rate 
by  20-fold. 

2.6.  Cyclic  Loading  Tests  of  Laboratory-Scale  Riveted  Connections  Under  Dry  and 

Accelerated  Corrosion 

Tests  of  one  rivet-row  and  2  rivet-row  lap  joints  have  been  performed  in  air  and  with  the  joint 
immersed  in  salt  water  and  subject  to  anodic  current  to  accelerate  corrosion.  These  samples  have 
been  examined  after  testing  for  signs  of  fretting,  corrosion  and  fatigue.  Recent  results  for  a  set  of 
tests  of  3  rivet/one-rivet  row  lap  joints  fastened  with  steel  bolts  subjected  to  both  a  nominal  cycHc 
stress  of  50  MPa  (R  =  0.1)  in  3.5%  saline  solution  at  0.1  Hz  and  imposed  EMFs  are  summarized 
below.  Both  the  cyclic  lives  in  the  table  and  the  appearance  of  the  failed  samples  point  to  very 
difierent  failure  mechani.sms  hi  sanples  1  and  2,  fretting  damage  is  reduced  by  both  the  larger  panel 
gage  vriiich  reduces  hole  edge  crimping  and  by  the  larger  clamping  forces  achieved  with  the  stiff  steel 
frsteners.  As  a  result,  large  stresses  are  not  communicated  to  the  panel  hole,  and  the  frilure  is  remote 
from  the  hole  (see  Figure  7  ).  Nevertheless,  the  corrosive  conditions  of  Sample  2  produced  a  4-fold 
reduction  in  the  cyclic  life.  Sanples  3  and  4,  which  are  thinner,  show  signs  of  fretting  damage  of  the 
type  illustrated  in  Figure  3  and  lives  reduced  by  the  corrosive  condition.  The  studies  conducted  so 
far  indicate  that  fretting  combined  with  corrosion  accelerates  fretting- assisted  fatigue  and  may 
promote  the  general,  hidden  corrosion  that  plagues  auframes. 
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Figure  5  Results  of  friction  measurements  perfonned  with  the  piezoelectric  fretting  wear  machine. 
Tlie  measurements  are  for  a  7075-T6  sphere  in  contact  with  a  7075-l'6  flat  at  a  contact  pressure  of 
988  MPa  and  slip  amplitudes  of  25  pm  and  40  pm  in  saline  solution;  (a)  variation  of  friction  force 
vwtli  applied  displacement  after  different  numbers  of  stress  cycles  and  (b)  the  corresponding  variation 
of  the  friction  coefficient  with  number  of  stress  cycles  at  the  2  slip  amplitudes. 
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Peak-to-peak  Slip  Amplitude,  pm 


Figure  6  Variation  of  the  specific  fretting  wear  rate  with  sl^  airphtude  for  aluminum  sheet 

alloys  in  contact  with  either  aluminum  or  hardened  steel  and  subjected  to  a  nominal  contact  pressure 
of 408  GPa  in  laboratory  air  and  3.5%  NaCl  solution. 
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Figure  7  Failure  of  3-rivet,  1-rivet-row  test  sample  (sample  2  in  Table  1)  subjected  to  cyclic 
loading  with  a  frequency  of  0. 1  Hz  to  a  nominal  stress  of  50  MPa  (R  =  0. 1)  in  3,5%  NaCl  with  an 
inposed  anodic  emf .  The  sanple  failed  after  26,070  stress  cycles  compared  with  >  100,000  cycles 
for  a  cathodicaUy  protected  sample  (sample  1  in  Table  1).  Both  sanples  were  assembled  with  steel 
festeners  and  dislayed  the  same  type  of  fracture. 

Unlike  the  failures  illustrated  in  Figure  3  where  the  failure  originated  at  the  hole  edge  of  the 
upper,  countersunk  panel  (refer  to  Figure  1)  of  a  joint  fastened  with  aluminum  rivets,  this  failure 
originated  remote  from  the  hole  in  the  lower,  noncountersunk  panel.  The  failure  is  beheved  to  be 
related  to  the  high  stresses  at  the  interior  suifice  of  the  lower  panel  (see  location  B  in  Figure  2),  and 
the  effects  of  the  lateral  clamping  produced  by  the  stiffer,  steel  fasteners.  Fretting  wear  damage 
produced  by  the  fracture  edge  is  visible  at  (d). 
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Table  1.  Results  of  Accelerated  Corrosion  Tests  on  3-Rivet,  One-Rivet-Row  Test  Samples. 

Sanqrle  No.  &  Imposed  EMF,  Volt  Cyclic  Life  Mechanism  of  Failure 

IThickness.  ini 

1  (0.085) 

-1  (cathodically  protected) 

>  100,000 

Cyclic  bending  of  the  interior 

2  (0.085) 

+1  (anodically  dissolved) 

26,070 

(non  countersunk)  panel  remote 
from  hole  and  at  washer  edge 
Same  as  Sample  1 

3  (0.063) 

+2  (anodically  dissolved) 

8,430 

Superposition  of  cyclic  tension 

4  (0.063) 

+2  (anodically  dissolved) 

8,448 

and  fretting  stresses  at  the 
fastener  hole 

Same  as  Sample  3. 

3.  CONCLUSIONS 

3.1  A  piezoelectric-actuated  fretting  wear  and  fretting  corrosion  machine  has  been  devised.  The 

built-in,  closed-loop  feedback  control  system  offers  constant  nominal  displacements  in  the  range  1 
pm  to  100  pm,  cyclic  frequencies  in  the  range  0.05  to  30  Hz,  and  constant,  contact  forces  that 
produce  nominal  contact  pressures  in  the  range  200  MPa  to  1000  MPa  fi)r  a  500  pm-diameter  contact 
patch.  The  coefficient  of  friction  and  the  specific  wear  rate  in  air  and  corrosive  media  can  be 
measured  imder  these  conditions. 

3.2  The  coefficient  of  friction  for  2024-T3  and  7075-T6  aluminum  in  fretting  contact  with  52100 
steel  dependson  the  slip  anq)litude  and  applied  normal  force.  The  specific  wear  rates  are  nearly  10- 
times  higher  in  NaCl  solution  than  in  dry  air  with  plastic  deformation,  adhesion,  abrairion,  corrosion 
and  fritigue  the  main  damage  mechanisms.  For  7075-T6,  the  specific  wear  rate  in  air  is  initially  high 
for  small  number  of  fretting  cycles  and  then  diminshes  to  about  Wg  =  10  m^  /Nm.  The  specific 
wear  rate  is  the  highest  for  7075-T6  fretting  against  7075-T6  in  saline  solution,  followed  by  7075-T6 
again sf  steel  in  saline  solution;  the  lowest  wear  rate  is  observed  for  7075-T6  fretting  against  steel  in 
air. 

3.3  Interference  in  a  single,  rivet-row  lap  joint  with  non-countersunk  rivet  heads  elevates  the 
contact  pressure  and  decreases  the  slip  amplitude  at  the  rivet  shank-panel  hole  interface.  Interference 
also  increases  the  cyclic  mean  stress  and  decreases  the  cylic  stress  range  in  the  panel  immediately 
adjacent  and  parallel  to  the  hole  surface. 

3.4  Tests  of  small,  laboratory  size  riveted  lap  joint  hiidicate  that  fretting  combined  with  corrosion 
accelerates  fretting-assisted  fatigue  and  may  promote  the  general,  hidden  corrosion  that  plagues 
airframes. 
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3.5  Clanging  reduces  the  peak  contact  pressure  and  slip  amplitude  at  the  rivet  ^ank-panel  hole 
inter&ce.  Clamping  also  inhibits  unloading  of  the  joint  and  decreases  the  cyclic  mean  stress  and  stress 
range  in  the  panel. 

3.6  Both  interference  and  clan:q)ing  improve  the  resistance  of  the  joint  to  fretting  wear  and  crack 
initiation,  as  indicated  by  the  parameters  Fj  and  Fj.  The  combination  of  interference  and  clanqjing 
is  better  than  either,  considered  singly,  in  postponing  crack  initiation  in  non-countersunk  and 
cotmtersuok  installations. . 

3.7  Interference  shifts  the  peaks  of  the  fatigue  and  fretting  fatigue  parameters  at  and  around  the 
shank  hole  interfrce  towards  the  loading  end.  Clanging  has  a  very  marginal  effect,  if  any,  on  the  peak 
location. 

3.8  The  value  of  Fj,  generated  in  single  livet-row  lap  joints  subject  to  a  cyclic  nominal  stress  of 
125  MPa  exceeds  the  critical  value  for  fretting  fatigue  proposed  by  Nowell  and  Hills  by  at  least  an 
order  of  magnitude.  This  favors  early  initiation  of  fretting  fatigue  cracks. 

3.9  In  the  absence  of  interference,  fretting  fatigue  crack  initiation  will  occur  first  in  the 
countersunk  panel.  For  some  values  of  interference,  the  fretting  fatigue  conditions  are  more  severe 
in  the  non-cormtersunk  panel  with  the  non-countersunk  rivet  head. 

3. 10  The  fretting  wear  prameter,  Fj ,  is  a  reliable  indicator  of  fretting  wear  zones. 

3.11  Installing  adacent  rivets  in  the  same  row  with  different  amounts  of  interference  and  clamping 
may  offset  the  crack  initiation  locations  and  crack  growth  trajectories.  This  could  postpone  the 
interaction  of  adjacent  cracks  growing  toward  each  other  and  increase  the  cyclic  life. 
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Influence  of  interference  and  clamping  on  fretting  fatigue  in  aluminum,  single  rivet-row 

lap  joints  -  Part  I:  non-countersunk  rivet 

K.  Iyer‘S,  P.  C.  Bastias,  C.  A.  Rubin,  G.  T.  Hahn 

Department  of  Mechanical  Engineering 
Box  1592,  Station  B 
Vanderbilt  University 
Nashville,  TN  37235 


Abstract 

Numerical  evaluation  of  primary  fretting  fatigue  variables  such  as  contact  pressure,  slip  amplitude  and  bulk 
tensile  stress,  at  and  near  the  contact  interface  between  the  rivet  shank  and  panel  hole  in  a  single  rivet-row,  7075-T6 
aluminum  alloy  lap  joint  is  presented.  Three-dimensional  finite  element  analysis  is  applied  to  evaluate  the  effects  of 
interference  and  clamping  stresses  on  the  values  of  the  primary  variables  and  other  mixed  (multi-variable)  measures 
of  fretting  damage.  This  article,  the  first  of  a  two-part  paper,  considers  a  non-countersunk  rivet  geometry.  Both 
interference  and  clamping  lower  the  cyclic  slip  amplitude,  stress  range  and  other  composite  indicators  for  crack 
initiation.  However,  interference  elevates  the  mean  stress,  whose  effect  on  fretting  fatigue  remains  unclear. 
Variations  of  the  cyclic  stress  range  and  other  proponents  of  crack  initiation  peak  at  distinct  locations  along  the 
critical  interface,  making  it  possible  to  predict  crack  initiation  locations. 


List  of  Symbols 

A  cross-sectional  area  of  panel 

L  overall  length  of  riveted  lap  joint 

E  Young’s  Modulus 

Gy  monotonic  yield  strength 

Ck  kinematic  yield  strength 

M  overall  plastic  modulus  (including  elastic  slope  contribution) 

Ac  cyclic  stress  range 

Cm  mean  stress 

P  applied  load 

A  total  displacement 

p  contact  pressure 

|X  coefficient  of  friction 

X  frictional  shear  stress,  t  =  |i.  p 

X  slip:  amount  of  relative  movement  between  contacting  surfaces 

5  slip  amplitude:  amount  of  relative  movement  between  contacting  surfaces  per  load  cycle 

6  angular  location.  The  0  =  90®  direction  corresponds  with  the  positive  direction  of  the  1-axis 
(tensile  loading  axis).  3  o’clock  corresponds  to  0  =  0®,  6  o’clock  to  0  =  —90®  etc. 

000  local  circumferential  tensile  stress,  parallel  and  adjacent  to  contacting  surfaces 
Fi  fretting  wear  parameter.  Fi  =  T-5 

F2  fretting  fatigue  parameter.  F2  =  aeo  T-5  =  Oee-Fi 


now  with  the  Dept,  of  Mechanical  Engineering  and  Applied  Mechanics,  2250  G.  G.  Brown  Bldg.,  University  Of 
Michigan,  Ann  Arbor,  MI,  48109. 
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Introduction 


The  appearance  of  identical  pairs  of  cracks  at  rivet  holes  in  cyclically  loaded  airframe 
riveted  lap  joints  has  been  well  recognized  for  some  time.  The  signature  cracking  pattern, 
commonly  referred  to  as  Multiple  Site  Damage  (MSD),  is  a  consequence  of  identical  conditions 
of  stress  and  wear  existing  at  each  rivet-hole  interface  in  a  particular  row  of  rivets  combined  with 
load  shedding  [1].  Although  efforts  to  study  the  issue  of  MSD  and  crack  growth  in  these  layered 
stmctures  are  rather  extensive  [2,3],  descriptions  of  the  local  stresses  and  damage  mechanisms  in 
the  interfacial  regimis  surrounding  the  rivet  leading  to  crack  initiation  are  more  limited. 
Experimental  evidence  confirming  the  presence  of  fretting  between  the  panel  holes  and  rivet  that 
constitute  riveted  assemblies  is  quite  adequate  [4,5,6].  Fatigue  loading  of  the  assembly  initiates 
cracks  that  emerge  from  a  fretted  region.  In  order  to  shed  light  on  the  initiation  life,  it  follows 
that  one  must  study  the  mechanics  of  fretting  fatigue  at  the  critical  contact  areas. 

The  fretting  fatigue  behavior  of  any  system  of  contacting  components  depends  primarily 
on  the  contact  geometry,  contact  pressure  (normal  load),  slip  amplitude  at  the  interface, 
frequency,  material  factors  and  environmental  factors.  The  material  pair  and  the  surface 
environment  determine  the  friction  coefficient,  its  variation  with  slip  amplitude,  and  tangential 
stresses  generated  at  the  interface.  Oxide  layers,  corrosive  media,  etc.,  can  play  a  critical  role  in 
the  wear  process  and  crack  initiation  [7,8,9]. 

Numerical  estimation  of  the  primary  factors  which  lower  the  fatigue  strength  of  fuselage 
riveted  assemblies  because  of  fretting  have  not  been  sought  until  recently.  The  present  authors 
[10]  have  analyzed  the  propensity  for  fretting  in  a  simple  two-dimensional  pinned  joint  with  and 
without  interference  stresses.  This  has  shown  that  interference  residual  stresses  generated  during 
rivet  installation  can  affect  the  fretting  fatigue  performance  of  the  joint  by  modifying  its 
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compliance  (stiffness)  and  the  material  response  evolution  with  load  cycling.  However,  this 
analysis  assumes  an  Isotropic  hardening  behavior,  which  is  at  best  valid  only  during  rivet 
installation  and  the  first  load  step.  Other  efforts  [11,12,13,14]  have  addressed  the  issues  of 
installation  interference  and  clamping,  but  none  account  for  the  three-dimensional  effects  of 
countersinking,  non-linear  effects  such  as  friction,  and  the  correct  cyclic  material  response.  Most 
recently,  the  present  authors  have  developed  realistic  three-dimensional  finite  element  models  to 
quantify  the  distortion  of  riveted  lap  joints  under  a  monotonic  load  [15,16].  The  present  work 
involves  the  adaptation  of  these  models  to  evaluate  the  fretting  fatigue  conditions  in  airframe 
alloy  7075-T6,  single  rivet-row  lap  joints.  In  order  to  account  for  the  evolution  of  cyclic 
plasticity  more  appropriately,  a  “parallel-analyses”  approach  has  been  adopted.  In  one  analysis, 
interference  and  clamping  stresses  generated  due  to  rivet  installation  are  modeled  using 
monotonic  properties  and  the  Isotropic  hardening  approximation.  Since  it  is  not  possible  to  alter 
the  material  response  in  the  middle  of  an  analysis,  a  second,  independent  analysis  of  the 
installation  process  and  subsequent  load  cycling  is  performed  with  an  elastic-linear-kinematic- 
plastic  (ELKP)  approximation,  representative  of  the  steady-state  cyclic  behavior.  Results  from 
the  two  analyses  are  combined  to  evaluate  the  steady-state  cyclic  contact  pressures,  slip 
amplitudes,  tangential  shear  stresses  and  bulk  (circumferential)  tensile  stresses  at  the  rivet-hole 
interface  in  the  riveted  assemblies. 

The  present  study  of  fretting  fatigue  in  a  single  rivet-row  lap  joint  is  compiled  into  two 
parts.  This  pzirt  presents  results  of  the  analysis  of  a  joint  with  a  non-countersunk  rivet.  The 
circumstances  (contact  pressure,  slip  amplitude,  etc.)  under  which  fretting  fatigue  damage 
accumulates  are  evaluated  and  interpreted  in  terms  of  existing  approaches  for  predicting  crack 
initiation  locations.  Part  n  [17]  contains  results  of  the  analysis  of  a  joint  with  a  countersunk 
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rivets.  Detailed  analyses  of  the  effects  of  interference  and  clamping  stresses  on  the  distortions  of 
a  single  rivet-row  lap  joint  are  presented  elsewhere,  independently  [18].  They  are  applied  here 
and  in  Part  n  directly  to  account  for  the  effects  of  interference  and  rivet  clamping  on  fretting 
fatigue  parameters.  Rivet  and  panel  shapes  and  dimensions,  and  the  rivet  spacing  are  patterned 
after  those  employed  in  airframes. 

Fretting  Wear  and  Fretting  Fatigue  Crack  Initiation 

Traditionally,  fretting  wear  has  been  expressed  in  terms  of  either  the  wear  volume  or  the 
average  depth  of  the  fretting  damage  (wear  scar),  both  of  which  are  directly  proportional  to  the 
contact  pressure,  slip  amplitude,  specific  wear  rate  and  number  of  fretting  cycles.  The  specific 
wear  rate  is  a  property  of  all  the  materials  in  the  system,  and  in  the  case  of  fretting,  may  also 
depend  on  the  slip  amplitude  and  contact  pressure.  The  tribological  conditions  favoring  fretting 
wear  are  large  values  of  specific  wear  rate,  contact  pressure  and  slip  amplitude  [8]. 
Unfortunately,  the  magnitude  of  fretting  wear  is  not  a  sufficient  or  completely  reliable  measure 
of  the  risk  of  fi'etting  fatigue  crack  formation.  In  fact,  at  large  slip  amplitudes,  incipient  cracks 
may  be  constantly  abraded  away  resulting  mainly  in  material  loss.  Further,  cracks  have  been 
observed  under  conditions  showing  very  little  wear  [19].  Efforts  to  understand  the  relative 
weights  of  the  primary  factors  responsible  for  the  initiation  of  fatigue  cracks  under  fretting 
conditions  may  be  categorized  according  to  two  approaches  currently  in  use.  One,  the  fretting 
map  approach  [20,21,22,23],  identifies  and  documents  the  dominant  mode  of  material 
degradation  near  the  interface  under  diverse  combinations  of  slip  amplitude,  normal  load,  shear 
traction,  frequency  and  number  of  cycles  (fretting  condition),  on  the  basis  of  controlled 
laboratory  tests.  This  approach  has  led  to  the  identification  of  the  mixed  stick-slip  fretting  regime 
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as  being  most  vulnerable  to  crack  initiation.  One  may  assume  then  that  this  regime  also  has  the 
most  optimal  combination  of  fretting  fatigue  variables  to  promote  cracking  and  cyclic  plasticity. 
A  second  approach,  based  usually  on  computations  and  laboratory  tests,  may  be  described  as 
mechanistic  since  it  attempts  to  link  the  interfacial  shear  stress,  slip  amplitude  and  underlying 
bulk  stress  (cause)  directly  to  crack  initiation  (effect).  This  approach  involves  the  evaluation  of 
the  variations  of  the  contact  pressure,  slip  amplitude  and  other  such  primary  fretting  fatigue 
variables  at  and  near  the  contact  interface.  Then,  some  overall  parameter  seeking  to  capture  the 
synergistic  effect  of  the  individual  factors  is  evaluated  to  predict  crack  initiation  location  and 
life. 

Based  on  their  study  of  fretting  fatigue  in  dovetail  joints,  two  mechanistic  parameters 
were  proposed  by  Ruiz  et  al.  [24]  to  predict  fretting  damage  and  crack  initiation.  These  are:  (i)  Fi 
=  t-b,  which  is  defined  as  the  product  of  the  interfacial  tangential  shear  stress  and  the  slip 
amplitude  and  is  a  measure  of  the  frictional  work  expended  per  unit  contact  area,  and,  (ii)  Fa  = 
CTee(x*6)  =  Cee-Fi,  defined  as  the  product  of  Fi  and  the  (bulk)  tensile  stress  just  beneath  the 
contacting  interface  and  parallel  to  it.  In  their  study,  the  location  of  the  peak  value  of  Fa 
coincided  with  the  observed  crack  initiation  site.  Subsequently,  Kuno  et  al.  [25]  went  on  to 
confirm  a  similar  coincidence  between  the  Fa  peak  and  crack  initiation  location  under  an 
axisymmetric  Hertzian  contact.  Although  a  physical  interpretation  for  Fa  remains  elusive,  Endo 
et  al.  [26]  clearly  showed  that  fretting  damage  does  little  to  diminish  fatigue  strength  in  the 
absence  of  a  bulk  cyclic  stress.  More  recently,  Farris  et  al.  [27]  have  proposed  a  multiaxial 
fretting  fatigue  crack  initiation  criterion  which  involves  identifying  the  critical  plane  for 
initiation  based  on  the  product  of  the  peak  principal  stress  and  principal  strain  amplitude. 
Conceptually,  the  criterion  is  similar  to  F2  in  the  sense  that  it  considers  the  product  of  parameters 
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that  can  independently  drive  crack  initiation.  It  is  more  sophisticated  than  F2  owing  to  its  ability 
to  account  for  non-normal  angles  of  initiation. 

In  the  present  work,  variations  of  the  contact  pressure,  slip  amplitude,  bulk  stress 
(adjacent  and  parallel  to  the  contact  interface),  Fi  and  Fa  are  evaluated  at  and  adjacent  to  the 
rivet-panel  interface  in  single  rivet-row  lap  joints.  The  merits  and  significance  of  parameters 
such  as  Fa  are  also  discussed. 

Analytical  Procedures 

Material  Constitutive  Relation  Model 

In  spite  of  the  fact  that  most  materieds  exhibit  a  definite  hardening  induced  anisotropy, 
the  Isotropic  hardening  representation  is  often  used.  It  is  an  attractive  choice  owing  to  its 
simplicity  and  validity  in  the  case  of  proportional  loading,  i.e.,  when  the  principal  stresses  do  not 
rotate  at  any  structural  location.  However,  for  the  more  general  case  of  anisotropic  hardening,  a 
simplistic  and  useful  representation  is  that  of  linear  kinematic  hardening  or  plasticity,  in  which 
the  elastic  domain  retains  a  constant  size  but  translates  in  stress  space.  The  center  of  the  elastic 
domain  represents  the  internal,  or  back  stress  of  the  neutral  state.  This  approach  represents  a  first 
approximation  to  the  Bauschinger  effect.  Crack  initiation  life  in  riveted  assemblies  has  been 
shown  to  be  a  strong  function  of  the  interference  and  clamping  stresses  generated  by  rivet 
installation  [28].  However,  fretting  fatigue  cracks  initiate  after  thousands  of  load  cycles  by  which 
time  the  material  is  in  a  steady  state.  Employing  Isotropic  constitutive  relations  for  the 
installation  step  (interference  and/or  clamping)  is  justifiable  if  the  rivet  and  panels  are  assumed 
to  be  isotropic  initially.  But  after  the  first  loading,  the  kinematic  yield  strength  may  be  exceeded 
in  regions  where  significant  compressive  residual  stresses  are  generated  during  the  unloading 
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cycle.  There  is  then  the  possibility  that  these  regions  experience  continuing  cyclic  plasticity  and 
are,  therefore,  prone  to  conventional  fatigue  and  fretting  fatigue.  The  purpose  of  the  ELKP 
analysis  is  to  evaluate  this  possibility  quantitatively. 

Material  properties  for  the  Isotropic  hardening  behavior  are  defined  by  E  =  69  GPa, 
V  =  0.3,  Gy  =  530.75  MPa  and  M  =  0.7  GPa.  The  material  properties  for  the  ELKP  hardening 
behavior  are  defined  by  E  =  69  GPa,  v  =  0.3,  Gk  =  369.9  MPa  and  M  =  57.5  GPa,  where  M  is  the 
overall  plastic  modulus  [29].  The  ELKP  representation  has  a  lower  yield  point  and  a  greater 
hardening  slope. 

Under  relatively  ideal  circumstances,  a  single  analysis  would  be  capable  of  simulating  the 
installation  effects  with  Isotropic  constitutive  relations  and  then  switching  to  the  ELKP 
properties  for  the  load  cycle.  However,  a  dynamic  analysis  in  which  the  stress-strain  curve 
changes  with  load  cycling  without  having  to  re-equilibrate  to  an  artificial  initial  condition  in 
between,  is  beyond  the  scope  of  present-day  FEA.  Instead,  current  analyses  are  donstrained  to 
utilizing  a  single  material  response  curve.  The  residual  stress  state  because  of  rivet  installation  is 
determined  by  the  Isotropic  hardening  analysis.  These  residual  stresses  are  then  superimposed  on 
the  stress  state  determined  with  the  ELKP  analysis  and  are  interpreted  as  first-order 
representations  of  the  steady  state  prior  to  crack  initiation.  Local  cyclic  stress  range  variations 
are  not  subject  to  any  modifications  since  they  are  determined  exclusively  by  the  ELKP 
constitutive  relations. 

Finite  Element  Model 

The  model  geometry  consists  of  two  partially  overlapping  sheets  (panels)  coupled  by  a 
two-headed,  non-countersunk  rivet,  shown  in  Fig.  1.  This  represents  one  half  unit  of  a  multi- 
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riveted,  single  row,  wide  panel  extending  in  the  positive  and  negative  2-directions.  The  repeat 
distance  between  successive  units  is  30.6  mm.  Three-dimensional  FEA  was  performed  using  the 
ABAQUS  code;  twenty-seven-noded  brick  elements  were  used  to  mesh  the  three  bodies  and 
single-noded  slide  surface  elements  were  defined  internally  to  solve  the  contact  inequality 
constraints.  A  nominal,  remote  cyclic  load  defined  by  Aa  =  90  MPa  and  R  =  0. 1  is  applied  at  the 
non-lapping  end  face  of  the  upper  sheet  while  the  corresponding  face  belonging  to  the  lower 
sheet  is  fixed  along  the  x-axis;  the  Cartesian  systems  (1,2,3)  and  (x,y,z)  are  equivalent.  Figure  1 
shows  the  main  features  of  the  models.  The  1-3  planes  CD  and  EF  are  symmetry  planes  and  are 
constrained  against  motion  in  the  2-direction.  In  addition,  the  edges  parallel  to  the  2-axis,  at  a 
depth  of  1.53  nun  and  on  the  2-3  planes  DF  and  CE  are  fixed  in  the  3-direction  to  prevent 
unrestrained  rotation  of  the  body  in  space.  All  the  boundary  conditions  are  symmetric. 

Rivet  installation  interference  stresses  are  modeled  by  forcing  radial  conformity  between 
an  initially  oversized  rivet  shank  and  the  panel  holes.  In  this  case  the  interference  is  produced 
only  in  the  radial  direction.  Clamping  stresses  are  generated  by  forcing  the  elongation  of  a  rivet 
whose  shank  height  (depth)  is  initially  shorter  than  the  combined  depth  of  the  two  panels  (z  =  2t). 
Thus  the  clamping  forces  are  also  introduced  by  an  interference  (misfit)  method.  Table  1 
indicates  the  amounts  of  interference  and  clamping  misfits  analyzed,  where  the  misfit  is 
expressed  as  a  percentage  of  the  panel  hole  diameter  (6.12  mm)  or  combined  panel  thickness 
(3.06  mm).  For  model  AO,  only  an  ELKP  analysis  was  performed  since  rivet  installation  effects 
are  absent.  For  the  remaining  models  in  Table  1,  two  parallel  analyses  are  performed;  one  with 
an  Isotropic  hardening  approximation  and  the  other  with  an  ELKP  approximation.  Actual  rivets 
are  installed  by  an  upsetting  process,  which  simultaneously  induces  radial  interference  and 
vertical  clamping.  It  is  not  the  aim  of  this  work  to  simulate  the  installation  process  itself  but 
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rather  to  shed  light  on  the  effects  of  interference  and  clamping  as  separate  fatigue  life 
parameters. 

Ball-on-flat  fretting  tests  conducted  for  aluminum  rubbing  against  itself  have  shown  the 
friction  coefficient,  p,,  to  vary  from  0.2  to  0.5  [30].  The  slip  amplitude  ranges  between  10  pm  and 
80  p,m,  the  normal  load  between  28.2  N  and  34  N  and  the  frequency  is  1  Hz.  This  variation  in 
friction  coefficient,  p.,  has  been  simplified  in  the  models,  and  a  constant  value  of  0.4  has  been 
assumed  for  all  interfaces. 

The  finite  element  meshes  typically  consist  of  3171  user  defined  nodes,  252  user  defined 
elements  and  609  internally  generated  contact  elements,  with  a  total  number  of  variables  of 
approximately  11,340.  Calculations  typically  consumed  between  18,000s  and  20,000s  of  CPU 
time  on  a  SGI  Power  Challenge  Array. 

Results 

Loading  typically  results  in  rivet  tilt  accompanied  by  panel  bending  and  contact  between 
the  rivet  and  panels  and  panels  themselves.  Detailed  analyses  of  the  distortions  of  single  rivet- 
row  lap  joints  under  a  uniaxial  load  are  described  elsewhere  [15,16].  Of  primary  concern  in 
fretting  fatigue  is  the  identification  of  macroscopic  rivet-panel  and  panel-panel  contact  areas,  and 
these  are  at  three  locations:  (A)  between  the  rivet  shank  and  hole  surfaces,  (B)  between  the  two 
panels,  and  (C)  between  the  standard  rivet  head  and  panel  surfaces.  Each  location  represents  a 
two-dimensional  surface  (field)  along  which  fretting  can  occur.  Figure  2  shows  the  intersections 
of  the  three  fretting  fields  with  the  symmetry  plane  and  the  definition  of  angular  locations 
according  to  the  global  coordinate  axes.  Fretting  field  A  arises  from  the  predominantly  in-plane 
slips,  X\2,  between  the  countersunk  hole  surface  and  rivet  shank  and  is  coincident  with  the 
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countersunk  hole  surface.  Fretting  field  B  is  present  because  of  the  predominantly  in-plane  slips 
between  a  panel  surface  and  the  opposite  panel  hole  edge  and  is  present  at  symmetric  90°  and  - 
90°  locations;  its  plane  is  coincident  with  the  relevant  portion  of  the  panel  surface. 

Prior  laboratory  tests  [6]  by  the  present  authors  have  confirmed  the  presence  of  firetting 
fields  A  and  B.  It  has  also  been  observed  that  contact  between  the  standard  rivet  heads  and 
panels  (field  C)  does  not  lead  to  any  significant  fretting  damage  even  though  it  affects  the 
mechanics  of  distortions  in  the  shank-hole  interface  by  affecting  the  load  transfer  path  [15,16]. 
Figure  3  shows  the  important  firetting  fields  that  arise  from  fatigue  loading  of  riveted  assemblies 
in  the  laboratory.  The  cracks  that  lead  to  MSD  typically  arise  due  to  firetting  between  the  rivet 
shank  and  hole  surfaces  (A).  The  panel  material  in  fretting  field  B  is  responsible  for  in-plane 
load  transfer  to  the  rivet  and  yields  in  compression  along  the  loading  axis  [16].  Fretting  damage 
in  this  highly  deformed  regions  is  extremely  severe  in  terms  of  abrasive  wear,  but  the 
compressive  bulk  stress  safeguards  this  highly  plasticized  volume  from  crack  initiation. 

Results  which  follow  concentrate  on  shank-hole  fretting  and  the  repercussions  on  crack 
initiation  there.  Although  slip  amplitude  vectors  at  any  location  possess  in-plane,  812,  and  out-of- 
plane,  813,  components,  only  the  in-plane  component  is  considered  and  presented  given  its 
predominance.  The  results  presented  for  model  AO  (no  rivet  installation  effects)  are  for  the 
ELKP  material  constitutive  relation.  Calculated  variations  of  the  local  mean  stress  and  bulk 
circumferential  stress  under  maximum  load  are  determined  first  for  the  ELKP  constitutive 
relation,  and  then  modified  by  the  installation  residual  stress  state  using  the  Isotropic  constitutive 
relation. 

Figures  4-7  show  the  variations  with  the  angular  location,  0,  of  the  contact  pressure,  the 
in-plane  slip  and  the  local  in-plane  tensile  stress  parallel  to  the  shank-hole  interface  in  the  upper 
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panel.  Table  2  shows  values  of  some  parameters  at  different  locations  through  the  hole  depth;  2% 
interference  generates  compressive  residual  stresses  between  0  <  z  <  0.5t  and  tensile  residual 
stresses  at  z  =  t.  Conditions  in  the  lower  panel  mirror  those  in  the  upper  panel  and  are  not  shown. 
Results  for  the  case  without  any  interference  and  clamping  (model  AO)  include  the  variations  of 
the  above  fretting  fatigue  variables  with  the  hole  depth.  For  the  sake  of  brevity  and  clarity, 
results  for  models  A1-A4  show  angular  variations  only  at  the  depth  where  the  above  variables 
are  most  critical,  which  is  z  =  t;  variations  through  the  depth  are  not  the  same  as  in  model  AO  but 
do  follow  a  similar  trend. 

Peak  shank-hole  contact  pressures  of  about  580  MPa  are  produced  at  z  =  t  upon  loading, 
in  the  absence  of  interference  and  clamping  (see  Fig.  5(a)).  Loading  causes  the  panel  hole  to  pull 
away  from  the  rivet  and  contact  between  the  rivet  shank  and  hole  is  lost  almost  uniformly 
through  the  hole  depth,  between  90°  and  approximately  -4.3°  in  model  AO  (p  =  0  when  contact  is 
lost).  Interference  shifts  the  angular  location  at  which  rivet-hole  contact  is  lost  towards  90° 
(loading  direction)  thus  increasing  the  area  over  which  the  shank  and  hole  remain  in  contact. 
Additionally,  interference  generates  shank-hole  contact  pressures  which  vary  through  the  depth 
but  remain  approximately  uniform  at  a  given  depth.  Interference  increases  the  loaded  shank-hole 
contact  pressure,  the  peak  value  rising  to  about  800  MPa  with  2%  interference  (see  Fig.  5(b)). 
The  unloaded  value  is  determined  by  the  uniform  interference  pressure  and  any  additional 
material  yielding.  Pure  clamping  reduces  the  peak,  loaded  shank-hole  contact  pressures  from  580 
MPa  to  about  500  MPa  and  increases  the  unloaded  pressures  by  about  350%. 

Fig.  5(a)  indicates  that  clamping  can  inhibit  unloading.  The  effect  of  clamping  on  the 
angular  range  over  which  contact  is  lost  is  negligible  in  the  absence  of  interference.  Interference 
and  clamping  lower  slip  amplitudes  as  expected.  A  detailed  analysis  of  the  effects  of  interference 
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and  clamping  are  presented  elsewhere  [18].  Figures  5(b)  and  6  show  that,  in  the  absence  of 
interference  and  clamping,  through-the-depth  variations  of  total  in-plane  slip  and  slip  amplitude 
show  little  scatter  in  the  range  of  -90°  <  0  <  0°.  Figure  4(a)  shows  that  this  is  also  the  range  of 
angular  location  over  which  the  rivet  shank  and  panel  hole  maintain  contact  under  load.  With 
interference  and  clamping,  the  scatter  becomes  even  less.  This  implies  that  slip  amplitude  is  a 
variable  that  does  not  determine  the  depth  of  MSD  crack  initiation  in  the  lap  joint.  Beyond  0  = 
0°,  the  slips  and  slip  amplitudes  peak  distinctly  at  z  =  t  (see  Figs.  5(b)  and  6(a)).  Panel  bending 
and  rivet  tilt  predispose  the  depth  z  =  t  to  the  greatest  loaded  pressures  and  bulk  tensile  stresses. 

Figure  7(a)  shows  the  variation  of  circumferential  tensile  stresses  in  the  panel  hole 
immediately  adjacent  to  the  shank-hole  interface  at  depth  z  =  t.  In  the  2-dimensional  analysis  of  a 
pinned  joint  where  the  pin  remained  elastic  and  was  not  allowed  to  tilt  [10],  circumferential 
stresses  remained  compressive  under  load  with  2%  radial  interference.  Recent  work  [18]  has 
shown  that  non-uniform  material  yield  across  the  hole  depth  during  installation,  which  cannot  be 
accounted  for  in  a  2-dimensional  analysis,  leads  to  a  corresponding  plastic  strain  gradient,  which 
results  in  compressive  circumferential  stresses  at  z=  0  and  tensile  values  at  z  =  t  (see  Table  2). 
Figure  7(b)  shows  that  0.5%  clamping  is  as  effective  as  2%  interference  in  lowering  the  peak, 
bulk  circumferential  tensile  stress  at  z  =  t,  adjacent  to  the  upper  panel  hole.  It  also  indicates  the 
shift  in  the  angular  location  of  the  subdued  aee  peaks,  towards  the  loading  end. 

Fatigue  and  Fretting  Fatigue 

Figure  8  shows  the  angular  variation  of  the  local  cyclic  stress  range,  Aa  and  local  mean 
stress,  Cm,  at  z  =  t.  Conventional  fatigue  parameters  are  of  particular  consequence  if  critical  crack 
initiation  is  driven  by  conventional  fatigue  and  fretting  merely  results  in  material  loss,  hi  the 
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absence  of  interference  and  clamping,  the  applied,  nominal  stress  range.  Act  =  90  MPa,  results  in 
a  peak  Act  of  about  530  MPa  at  -8.7°.  Interference  elevates  the  mean  stress  at  the  shank-hole 
interface,  about  which  load/unload  values  fluctuate.  Increasing  interference  diminishes  the 
fluctuations  and  under  these  circumstances  the  mean  stress  increases  and  may  gain  in  relative 
importance.  Interference  also  shifts  the  location  of  the  peak  cyclic  stress  range  towards  90°. 
Clamping  diminishes  the  cyclic  stress  range  and  mean  stress  without  altering  the  angular  location 
at  which  Act  peaks. 

Composite  effects  are  expressed  by  the  mechanistic  parameters,  Fi  and  F2,  whose 
variations  with  angular  location  at  z  =  t  are  shown  in  Fig.  10.  In  the  absence  of  interference  and 
clamping  the  peak  value  of  Fi  is  almost  2.4  kPa.m  and  it  persists  near  -15.6°.  Interference  lowers 
the  magnitudes  of  Fi  and,  typically,  a  blunted  peak  persists  over  a  range  of  angular  locations 
which  have  been  shifted  towards  the  loading  end  (90°).  Clamping  also  lowers  Fi  magnitudes 
leaving  the  peak  location  unchanged.  The  reduction  in  fretting  wear  is  particularly  apparent  when 
interference  and  clamping  are  applied  together.  The  effects  of  interference  and  clamping  on  F2 
are  similar. 

Table  3  shows  peak  values  of  the  mechanistic  parameters  through  the  depth  of  the  shank- 
hole  interface  and  their  angular  location.  2%  interference  renders  the  shank-hole  circumferential 
stresses  compressive  even  under  load  at  z  =  0  and  z  =  0.5t,  and  hence  F2  does  not  have  any 
significance.  The  same  is  trae  for  at  z  =  0  in  model  A3. 

Discussion 

For  a  nominal  applied  cyclic  stress  range.  Act  =  90  MPa,  the  peak  value  of  the  fretting 
wear  parameter  is  Fi  =  2.3  kPa.m  for  in-plane,  shank-hole  wear.  This  is  in  the  absence  of 
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interference  and  clamping,  and  is  less  than  the  value  of  Fi  =  3  kPa.m,  obtained  with  a  two- 
dimensional  analysis  [10].  Peak  values  of  the  fretting  fatigue  parameter,  F2,  are  well  above  the 
value,  F2  =  410^  Pa^.m,  which  can  lead  to  fatigue  crack  initiation  within  10^  cycles  in  aluminum 
alloys  according  to  Nowell  and  Hills  [31].  For  example,  with  1%  interference,  the  peak  value  of 
F2  is  290- 10^  Pa^.m;  a  two-dimensional  calculation  with  1%  interference  produced  a  peak  value 
of  6010^  Pa^.m  [10].  This  implies  that  out-of-plane  deformations,  which  cannot  be  accounted  for 
in  2D  analyses,  are  extremely  important  in  determining  the  fretting  fatigue  resistance  of  the  joint. 
Also,  crack  initiation  well  before  10^  cycles  may  be  expected.  This  is  consistent  with 
observations  in  practice  [6],  where  cracks  are  known  to  initiate  after  a  few  thousand  cycles. 
Laboratory  fatigue  tests  of  riveted  assemblies  by  the  present  authors  have  shown  that  several 
microcracks,  all  close  to  each  other,  may  be  initiated  in  the  panel  hole.  However,  only  one  grows 
to  dominance  while  the  others  stop  growing,  or  more  commonly,  the  microcracks  join  together  in 
a  river-delta  pattern  to  form  the  dominant  crack. 

This  work  shows  the  feasibility  of  evaluating  the  individual  variables  that  are  responsible 
for  fretting  fatigue  crack  initiation  in  airframe  riveted  lap  joints.  Although  the  parameters  Aa  and 
F2may  be  considered  to  be  crack  initiation  drivers  and  barometers,  they  cannot  be  assumed  to  be 
complete.  There  are  other  factors  such  as  the  repeat  plasticity  near  the  shank-hole  interface 
which  are  yet  to  be  accounted  for.  The  establishment  of  a  criterion  for  fretting  fatigue  crack 
initiation  remains  an  independent  area  of  study.  It  has  been  shown  here  that  the  values  of  all  the 
mechanistic  parameters  that  might  find  a  place  in  the  final  criterion  are  already  calculable. 
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Conclusions 


1.  Primary  fretting  fatigue  variables  in  a  single  rivet-row  lap  joint  have  been  evaluated  for 
different  amounts  of  interference,  clamping  and  a  non-countersunk  rivet  geometry. 

2.  Interference  elevates  the  contact  pressure  and  decreases  the  slip  amplitude  at  the  rivet  shank- 
panel  hole  interface.  Interference  also  increases  the  cyclic  mean  stress  and  decreases  the  cyclic 
stress  range  in  the  panel,  immediately  adjacent  and  parallel  to  the  hole  surface. 

3.  The  single  value  of  clamping  stress  examined  results  in  a  lowering  oLthe  peak  contact 
pressure  and  slip  amplitude  at  the  rivet  shank-panel  hole  interface.  Clamping  also  inhibits  the 
unloading  of  the  joint  and  decreases  the  cyclic  mean  stress  and  stress  range  in  the  panel. 

4.  Both  interference  and  clamping  improve  the  resistance  of  the  joint  to  fretting  wear  and  crack 
initiation,  as  indicated  by  the  mixed  parameters  Fi  and  Fa.  The  combination  of  interference  and 
clamping  is  better  than  either  considered  singly,  in  postponing  crack  initiation. 

5.  Interference  shifts  the  peaks  of  fatigue  and  fretting  fatigue  parameters  at  and  around  the  shank- 
hole  interface  towards  the  loading  end.  Clamping  has  a  very  marginal  effect  in  this  regard,  if  any. 

6.  Peaks  in  the  angular  variations  of  conventional  fatigue  parameters  and  the  fretting  fatigue 
parameter,  F2,  are  usually  distinct.  This  offers  a  basis  to  identify  the  controlling  mechanism  for 
crack  initiation. 

7.  The  critical  value  of  F2  for  fretting  fatigue  cracking  in  aluminum  alloys  proposed  by  Nowell 
and  Hills,  is  exceeded  by  at  least  an  order  of  magnitude.  Accordingly,  crack  initiation  well  before 
10^  cycles  is  to  be  expected  in  single  rivet-row  assemblies. 
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21 


Table  1.  The  finite  element  models. 


Model 

%  Interference 
(radial  misfit) 

%  Clamping 
(shank  height  misfit) 

AO 

0 

0 

A1 

1 

0 

A2 

2 

0 

A3 

0 

0.5 

A4 

1 

0.5 
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Table  2.  Variation  of  fretting  fatigue  variables  through  the  depth  of  the  hole. 


Model 

Installation  aee 
(MPa) 

Peak  aee 
(MPa) 

AO 

7!=Q 

0 

429.9 

25.7 

z=0.5t 

0 

533.2 

30.4 

z=t 

0 

594.8 

34.7 

A1 

z=0 

35 

95.0 

mii[ 

z=0.5t 

114 

196.4 

■SB 

z=t 

325 

518,3 

mm 

A2 

z=0 

-423 

-351.6 

1.4 

z=0.5t 

-155 

-76.1 

2.2 

Z=:t 

252 

388.7 

5.2 

A3 

z=0 

-53 

337.8 

9.3 

z=0.5t 

4 

372.1 

12.2 

z=t 

-14 

410.2 

13.7 

A4 

z=0 

-305 

-216.6 

1.5 

z=0.5t 

142 

218.5 

3.1 

z=t 

2S0 

411.1 

4.8 

♦Installation  Oee  values  are  from  the  analyses  with  the  Isotropic  hardening  approximation  [18]. 
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Table  3.  Summary  of  mechanistic  parameters  indicating  locations  of  fretting  wear  and  crack  initiation  in 
lap  joint  assemblies  with  non-countersunk  rivets. 


,  Peak  Tangential 
Stress  (MPa) 

Peak  Fi 
(kPa.m) 

Peak  F2 
(10*®  Palm) 

Model 

magnitude 

(MPa) 

0.° 

magnitude 

(kPa.m) 

0,° 

magnitude 

(10‘®Palm) 

e,° 

AO 

z=0 

102 

-45.0 

0.81 

-33.7 

22.6 

-22.5 

z=0.5t 

116 

-33.7,  -45.0 

1.38 

-15.6,  -22.5 

60.3 

-8.7 

on 

137 

my 

2.28 

-15.6,  -22.5 

88.5 

■8.7 

A1 

z=0 

83.1 

15.6 

0.20 

15.6 

1.4 

0.0, 4.3 

z=0.5t 

77 

15.6,-4.3 

0.27 

33.7,  8.7 
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9.792  mm  and  3.83  mm  respectively,  (c)  plan  view  of  the  mesh.  The  overall  length  of  the  model  is  306  mm,  the  length  of  the  overlap  region  is 
30.6  mm  and  the  width  of  the  model  (half  the  repeat  distance)  is  15.3  mm. 
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(b) 

Figure  2.  (a)  Profile  of  a  deformed  mesh  showing  the  three  main  rivet-panel  and  panel-panel  fretting 
fatigue  contact  locations,  (b)  Schematic  showing  the  definition  of  the  angular  locations  and  depth  in  the 
models. 


26 


Figure  3.  Important  fretting  fields  observed  in  laboratory  tested  riveted  lap  joints. 
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Figure  4.  (a)  Variation  of  contact  pressure  at  the  shank-hole  interface  with  angular  location  and  depth  for 
Model  AO,  (b)  Variation  of  contact  pressure  with  angular  location  at  depth  z=t,  where  contact  pressures 
peak,  for  Models  A1  and  A2. 
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(a) 


(b> 


Figure  5.  (a)  Angular  variation  of  contact  pressure  at  the  shank-hole  interface  in  Models  A3  and  A4  at 
z=t,  depth  at  which  the  pressures  peak,  (b)  Variation  of  in-plane  slip  between  the  panel  hole  and  rivet  in 
Model  AO. 
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Figure  8.  (a)  Variation  of  conventional  fatigue  parameters  at  the  rivet  shank-panel  hole  interface  at 
z=t.  (a)  cyclic  stress  range,  Ac,  (b)  mean  stress,  Cm- 
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Abstract 

Numerical  evaluation  of  primary  fretting  fatigue  variables  at  and  near  the  contact  interface  between  the 
rivet  shank  and  panel  hole  in  a  single  rivet-row,  7075-T6  aluminum  alloy  lap  joint  is  presented.  This  article,  the 
second  part  of  a  two-part  paper,  considers  a  countersunk  rivet  geometry  with  an  included  angle  of  100°.  Three- 
dimensional  finite  element  analysis  is  applied  to  evaluate  the  effects  of  interference  and  clamping  stresses  on  the 
variations  of  contact  pressure,  slip  amplitude,  bulk  tensile  stress,  cyclic  stress  range,  cyclic  mean  stress  and  two 
other  mixed  fretting  fotigue  variables.  The  beneficial  effects  of  interference  and  clamping  calculated  for  a  non- 
countersunk  rivet  geometry  in  Part  I  are  observed  with  countersinking  also.  Shifts  in  the  peaks  of  the  cyclic  stress 
range  and  the  mixed  fretting  fatigue  parameters  with  varying  interference  and  clamping  may  be  exploited  to  extend 
the  residual  life  of  aging  airframes. 


List  of  Symbols 

A  cross-sectional  area  of  panel 

L  overall  length  of  riveted  lap  joint 

E  Young’s  Modulus 

Cy  monotonic  yield  strength 

Gk  kinematic  yield  strength 

M  overall  plastic  modulus  (including  elastic  slope  contribution) 

Ac  cyclic  stress  range 

Cm  mean  stress 

P  applied  load 

A  total  displacement 

p  contact  pressure 

|X  coefficient  of  frictio;i 

T  frictional  shear  stress,  x  =  |x  p 

X  slip:  amount  of  relative  movement  between  contacting  surfaces 

8  slip  amplitude:  amount  of  relative  movement  between  contacting  surfaces  per  load  cycle 

0  angular  location.  The  0  =  90®  direction  corresponds  with  the  positive  direction  of  the  1-axis 

(tensile  loading  axis).  3  o’clock  corresponds  to  0  =  0®,  6  o’clock  to  0  =  -90®  etc. 

Gee  local  circumferential  tensile  stress,  parallel  and  adjacent  to  contacting  surfaces 
Fi  fretting  wear  parameter.  Fi  =  x-S 

F2  fretting  fatigue  parameter.  F2  =  Gee-x-S  =  Gee*Fi 
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Introduction 


Cracks  at  rivet  holes  in  cyclically  loaded  airframe  riveted  lap  joints  initiate  in  regions 
showing  fretting  damage  [1,2,3].  The  location  and  life  of  fretting  fatigue  crack  initiation  in  these 
structures  depends  primarily  on  the  contact  pressure  (normal  load),  slip  amplitude  at  the 
interface,  frequency,  material  factors  and  environmental  factors.  The  friction  coefficient,  its 
variation  with  slip  amplitude,  and  tangential  stresses  generated  at  the  interface,  are  determined 
by  the  material  pair  and  the  surface  environment  [4,5,6].  Apart  from  these  factors,  which 
determine  fretting  fatigue  damage  in  any  system  involving  contacting  components,  rivet 
installation  during  the  assembly  of  a  lap  joint,  prior  to  any  loading,  alters  the  initial  elastic-plastic 
contact  conditions,  thus  affecting  the  subsequent  evolution  of  material  response  and  fatigue 
damage. 

The  work  presented  here  is  a  study  of  fretting  fatigue  in  airframe  aluminum  alloy  7075- 
T6,  single  rivet-row  lap  joints  and  is  compiled  into  two  parts.  This  part  presents  results  of  the 
analysis  of  a  joint  with  a  countersunk  rivet.  The  circumstances  (contact  pressure,  slip  amplitude, 
etc.)  under  which  fretting  fatigue  damage  accumulates  are  presented  and  interpreted  in  terms  of 
existing  approaches  [7,8]  to  predict  crack  initiation  locations.  The  reader  is  referred  to  Part  I  [9] 
for  a  more  verbose  introduction  and  results  from  the  analysis  of  a  single  rivet-row  lap  joint  with 
a  non-countersunk  rivet.  Detailed  analyses  of  the  residual  stresses  that  may  be  generated  during 
rivet  installation  (interference  and  clamping)  are  presented  elsewhere,  independently  [10].  They 
are  applied  here  directly  to  account  for  the  effects  of  interference  and  rivet  clamping  on  fretting 
fatigue  parameters.  Rivet  and  panel  shapes  and  dimensions,  and  the  rivet  spacing  are  patterned 
after  those  employed  in  airframes. 
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Analytical  Procedures 

Material  Constitutive  Relation  Model 

Crack  initiation  life  in  riveted  assemblies  has  been  shown  to  be  a  strong  function  of  the 
interference  and  clamping  stresses  generated  by  rivet  installation  [11].  However,  fretting  fatigue 
cracks  initiate  after  thousands  of  load  cycles,  by  which  time  the  material  has  attained  a  steady- 
state  response  whose  characteristics  are  considerably  different  from  those  present  at  the  time  of 
rivet  installation.  Employing  the  monotonic  material  properties  with  the  Isotropic  hardening 
approximation  for  the  installation  step  (interference  and/or  clamping)  is  justifiable  if  one 
assumes  an  initially  isotropic  medium.  But  after  the  initial  loading,  the  kinematic  yield  strength 
may  be  exceeded  in  regions  where  significant  compressive  residual  stresses  are  generated  during 
the  unloading  cycle.  There  is  then  the  possibility  that  these  regions  experience  continuing  cyclic 
plasticity  and  are,  therefore,  prone  to  conventional  fatigue.  Consequently,  the  analysis  of  the 
effects  of  interference  and  clamping  on  fretting  fatigue  requires  calculations  to  be  performed 
with  tboth  sets  of  material  properties/hardening  approximation  pairs. 

Material  properties  for  the  Isotropic  hardening  behavior  are  defined  by  E  =  69  GPa, 
V  =  0.3,  Oy  =  530.75  MPa  and  M  =  0.7  GPa.  The  material  properties  for  the  elastic-linear- 
kinematic-plastic  (ELKP)  hardening  behavior  are  defined  by  E  =  69  GPa,  v  =  0.3,  ak  =  369.9 
MPa  and  M  =  57.5  GPa,  where  M  is  the  overall  plastic  modulus  [12].  The  ELKP  representation 
has  a  lower  yield  point  and  a  greater  hardening  slope. 

Ideally,  a  single  analysis  would  be  capable  of  simulating  the  installation  effects  with 
Isotropic  constitutive  relations  and  then  switching  to  the  ELKP  properties  for  the  load  cycle. 
However,  such  dynamic  analyses  are  beyond  the  scope  of  present-day  FEA.  Instead,  current 
analyses  are  constrained  to  utilizing  a  single  material  response  curve.  The  residual  stress  state 
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because  of  rivet  installation  is  determined  by  the  Isotropic  hardening  analysis.  These  residual 
stresses  are  then  superimposed  on  the  stress  state  determined  with  the  ELKP  analysis  and  are 
interpreted  as  first-order  representations  of  the  steady  state  prior  to  crack  initiation.  Local  cyclic 
stress  range  variations  are  not  subject  to  any  modifications  since  they  are  determined  exclusively 
by  the  ELKP  constitutive  relations. 

Finite  Element  Model 

The  model  geometry  consists  of  two  partially  overlapping  sheets  (panels)  coupled  by  a 
countersunk  rivet,  shown  in  Fig.  1.  This  represents  one  half  unit  of  a  multi-riveted,  single  row, 
long  panel  extending  in  the  positive  and  negative  2-directions.  The  repeat  distance  between 
successive  units  is  30.6  mm.  The  upper  panel  has  a  countersunk  hole.  The  rivet  has  one  standard 
head  at  its  lower  end  and  one  head  countersunk  to  a  depth  of  half  the  thickness  of  a  single  sheet, 
the  included  angle  being  100°.  A  nominal,  remote  cyclic  load  defined  by  Aa  =  90  MPa  and  R  = 
0.1  is  applied  at  the  non-lapping  end  face  of  the  upper  sheet  while  the  corresponding  face 
belonging  to  the  lower  sheet  is  fixed  along  the  x-axis;  the  Cartesian  systems  (1,2,3)  and  (x,y,z) 
are  equivalent.  The  symmetry  and  other  boundary  conditions  are  identical  to  those  described  in 
Part  I  [9].  Variations  in  friction  coefficient,  |X,  with  contact  pressure  and  slip  amplitude  are 
neglected  and  a  constant  value  of  0.4  has  been  assumed  for  all  interfaces. 

Table  1  indicates  the  amounts  of  interference  and  clamping  misfits  analyzed.  A 
description  of  the  procedure  applied  to  model  the  rivet  installation  stresses  may  be  found  in  Part  I 
[9].  Actual  rivets  are  installed  by  an  upsetting  process  which  simultaneously  induces  radial 
interference  and  vertical  clamping.  The  present  study  does  not  attempt  to  simulate  the  installation 
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process  itself  but  rather  isolate  the  effects  of  interference  and  clamping  as  separate  fatigue  life 
parameters. 

Results 

Detailed  analyses  of  the  distortions  of  single  rivet-row  lap  joints  under  a  uniaxial  load  are 
described  elsewhere  [13,14].  Of  primary  concern  in  fretting  fatigue  is  the  identification  of 
macroscopic  rivet-panel  and  panel-panel  contact  areas,  and  these  occur  at  four  locations:  (A) 
between  the  rivet  shank  and  hole  surfaces,  (B)  between  the  two  panels,  and  (C)  between  the 
standard  rivet  head  and  panel  surfaces,  and  (D)  between  the  countersunk  rivet  head  and 
countersunk  hole  surface.  Each  location  represents  a  two-dimensional  surface  (field)  along  which 
fretting  can  occur.  Figure  2  shows  the  intersection  of  the  four  fretting  fields  with  the  symmetry 
plane  and  a  schematic  which  defines  angular  locations  according  to  the  global  coordinate  axes. 
Fretting  field  A  arises  from  the  predominantly  in-plane  slips,  ^12,  between  the  cotmtersunk  hole 
surface  and  rivet  shank  and  is  coincident  with  the  countersunk  hole  surface.  Fretting  field  B  is 
present  because  of  the  predominantly  in-plane  slips  between  a  panel  surface  and  the  opposite 
panel  hole  edge;  its  plane  is  coincident  with  the  relevant  portion  of  the  panel  surface.  Although 
field  D  may  be  considered  to  be  a  part  of  field  A,  a  distinction  is  made  on  the  basis  of  the 
predominant  component  of  slip  that  causes  fretting  damage.  Rivet  tilt  causes  the  sharp  chisel 
edge  of  the  countersunk  head  to  rub  against  the  countersunk  hole  surface  and  the  slips  possess  a 
significant  out-of-plane  component,  X13,  responsible  for  fretting  damage  in  field  D.  Contact 
between  the  standard  rivet  heads  and  panels  (C)  does  not  lead  to  any  significant  fretting  damage 
[3].  Figure  3  shows  the  important  fretting  fields  which  arise  from  fatigue  loading  of  lap  joints 
with  countersunk  rivets.  The  cracks  that  lead  to  MSD  typically  form  due  to  fretting  between  the 
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rivet  shank  and  hole  surfaces  (A).  Fretting  damage  in  field  B  is  restricted  to  severe  plasticity  and 
material  loss  without  cracking  owing  to  the  beneficial  bulk  compressive  stress  field  [14]. 

Results  which  follow  focus  on  shank-hole  fretting  conditions  and  their  repercussions  on 
crack  initiation  there.  Although  slip  amplitude  vectors  at  any  location  possess  in-plane,  812,  and 
out-of-plane,  813,  components,  only  the  in-plane  component  is  considered  and  presented  given  its 
predominance.  The  results  presented  for  models  BO  (without  rivet  installation  effects)  are  for  the 
ELKP  material  constitutive  relation.  Calculated  variations  of  the  local  mean  stress  and  bulk 
circumferential  stress  under  maximum  load  are  determined  first  for  the  ELKP  constitutive 
relation,  and  then  modified  by  the  installation  residual  stress  state  using  the  Isotropic  constitutive 
relation. 

For  the  upper  panel.  Figs.  4-7  show  the  variations  with  angular  location,  0,  of  the  contact 
pressure  the  in-plane  slip  and  the  local,  in-plane  tensile  stress  parallel  to  the  shank-hole  interface. 
Table  2  shows  values  of  some  fretting  fatigue  variables  at  different  locations  through  the  hole 
depth.  The  countersunk  case  is  not  symmetric  about  the  1-2  plane  at  z  =  t  and  the  response  of  the 
upper  (countersunk)  portion  of  the  assembly  is  not  equivalent  to  the  response  of  the  lower 
(cylindrical)  portion.  Prior  analysis  [10,13,14]  has  shown  that  the  asymmetric  geometry 
introduces  an  imbalance  in  the  response  of  the  two  portions  with  the  countersunk  half  being 
subject  to  greater  pressures,  slips  etc.,  in  the  absence  of  interference.  However,  when  interference 
is  present,  the  conventional  fatigue  variables  such  as  Aa,  in  the  lower,  straight-hole  half  have 
been  shown  to  be  slightly  more  damaging  than  in  the  upper,  countersunk  panel  [10].  Fiuther,  it 
has  been  shown  that  the  response  of  the  lower,  straight-hole  panel  of  the  countersunk  assembly  is 
very  similar  to  that  calculated  for  the  panel  holes  in  the  non-countersunk  assembly.  Thus,  since 
the  fretting  fatigue  conditions  around  the  lower  panel  (straight)  hole  are  very  similar  to  those 
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calculated  in  Part  I,  the  results  in  this  section  focus  on  the  upper,  countersunk  hole  interface  only. 
Variations  through  the  depth  of  the  countersunk  hole  and  with  angular  location  are  presented  in 
the  same  manner  as  in  Part  1. 

Inherent  to  the  countersunk  rivet  geometry  is  the  presence  of  the  contact  field  D  (Fig.  2 
(a))  which  arises  due  to  slippage  of  the  sharp  chisel  edge  of  the  countersunk  rivet  head  (rivet  tilt) 
along  the  countersunk  hole  surface  when  the  assembly  is  loaded.  In  the  absence  of  interference 
and  clamping,  the  peak  contact  pressure  associated  with  this  field  is  about  250  MPa  at  90°  (see 
Fig.  4(a)).  Contact  pressures  are  registered  at  those  interface  elements  initially  at  z  =  0  and 
decrease  gently  towards  0°.  Peak  shank-hole  contact  pressures  of  about  800  MPa  are  produced  at 
z  =  t  upon  loading  in  the  absence  of  interference  and  clamping.  Contact  between  the  rivet  shank 
and  hole  is  lost  at  -8.7°  at  z  =  t  under  load.  The  shift  in  this  location  because  of  interference  is 
towards  90°  (loading  direction).  Pure  interference  increases  the  loaded  shank-hole  contact 
pressure,  the  peak  value  rising  to  about  1020  MPa  at  z  =  t,  with  2%  interference.  Pure  clamping 
does  little  to  change  the  loaded  contact  pressure  at  z  =  t  but  restricts  unloading,  and  the  peak 
unloaded  pressures  increase  by  more  than  200%.  Interference  and  clamping  lower  slip 
amplitudes  as  expected.  Table  2  and  Fig.  7  show  that  the  slips  in  contact  field  D  (z  =  0)  are  high 
and  comparable  to  those  in  field  A  (z  =  t).  In  general,  the  effect  of  0.5%  clamping  becomes 
insignificant  when  combined  with  2%  interference. 

Figure  7  shows  the  variation  of  circumferential  tensile  stresses  in  the  panel  hole  and 
immediately  adjacent  to  the  shank-hole  interface.  The  bulk  loaded  stress  associated  with  field  D  ( 
z  =  0  )  is  compressive  over  the  region  associated  with  significant  contact  pressures  and  slip 
amplitudes. 
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Fatigue  and  Fretting  Fatigue 

Figure  8  shows  the  angular  variation  of  the  local  cyclic  stress  range,  Act  and  local  mean 
stress,  CTm,  at  z  =  t.  In  the  absence  of  interference  and  clamping,  the  applied,  nominal  cyclic  stress 
range.  Act  =  90  MPa,  results  in  a  peak  Act  of  about  900  MPa  at  -8.7°.  The  effects  of  interference 
are  the  same  as  those  observed  with  the  non-countersunk  rivet  [9].  Variations  of  the  mechanistic 
parameters,  Fi  and  F2,  with  angular  location  at  z  =  t  are  shown  in  Fig.  9.  In  the  absence  of 
interference  and  clamping  the  peak  value  of  Fi  is  about  3.9  kPa.m  and  is  present  at  -22.5°. 
Interference  and  clamping  lower  the  magnitudes  of  Fi  and  F2  and  blimted  peaks  persist  over  a 
range  of  angular  locations,  which  have  been  shifted  towards  the  loading  end  (90°).  Clamping 
does  not  alter  the  location  of  the  peaks.  Table  3  shows  the  peaks  of  the  mechanistic  parameters 
through  the  depth  of  the  shank-hole  interface. 

Discussion 

Angular  variations  of  Fi  and  F2  at  z  =t  at  and  adjacent  to  the  lower,  straight-hole 
interface,  which  are  not  shown,  indicate  the  peak  Fi  values  of  0.53  kPa.m  and  0.38  kPa.m  with 
1%  and  2%  interference  respectively;  the  peak  F2  values  are  22.9  •  10*°  Pa^.m  and  14.8 
•  10*°Pa^.m  respectively.  These  are  comparable  or  higher  than  the  peak  values  of  these 
parameters  for  the  upper,  countersunk  hole,  listed  in  Table  3.  The  implication  is  that  there  are 
values  of  interference  which  equalize  the  likelihood  of  crack  initiation  in  both  the  countersunk 
(upper)  and  cylindrical  (lower)  panel  holes  after  a  certain  number  of  load  cycles.  Peak  Fi  and  F2 
values  for  the  lower  panel  in  the  present  models  are  very  similar  to  those  calculated  in  the  non- 
countersunk  models  [9]  for  the  same  amount  of  interference  and  have  not  been  shown  for  this 
reason. 
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Relative  shifts  in  the  angular  locations  of  the  peaks  of  Aa  and  F2  suggest  a  functional 
modification  that  may  be  applied  to  optimize  the  residual  life  of  aging  airframes.  Installing 
adjacent  rivets  in  a  given  rivet-row  with  different  amounts  of  interference  and  clamping  can 
offset  the  growth  trajectories  and  limit  interaction  of  neighboring  cracks  growing  towards  each 
other.  For  example,  in  the  absence  of  interference  and  clamping  and  with  a  countersunk  rivet,  Aa 
peaks  at  -8.7°  and  F2  peaks  at  -22.5°;  1%  interference  shifts  the  peaks  to  15.6°  and  -4.3° 
respectively. 

The  value  of  F2  is  a  more  sensitive  function  of  applied  load  than  the  peak  value  of  Aa. 
The  fretting  fatigue  parameter  depends  on  the  interfacial  shear  stress,  slip  amplitude  and  bulk 
circumferential  stress,  Aa.  Consequently,  a  two-fold  reduction  in  applied  load  can,  for  example, 
lead  to  a  two-fold  reduction  in  Aa  but  an  eight-fold  reduction  in  F2.  Thus  fretting  fatigue  may  be 
viable  when  conventional  fatigue  is  not. 

I 

It  is  well  known  that  the  primary  variables  that  promote  fretting  fatigue  crack  initiation 
are  the  contact  pressure,  p,  slip  amplitude,  6,  friction  coefficient,  |X,  and  the  tensile  stress 
component  adjacent  and  parallel  to  the  rivet  hole,  aeo.  The  slip  amplitude  at  the  contact  interface 
is  directly  related  to  the  cyclic  plasticity  there.  However,  additional  variables  that  drive 
conventional  fatigue  crack  initiation  must  not  be  overlooked.  These  include  the  local  values  of 
repeat  plasticity,  Aeee,  cyclic  stress  range,  Aaee,  and  mean  stress,  (amjee-  The  present  work 
presents  the  evaluation  of  the  variations  of  most  of  these  parameters  and  F2  as  a  more  complete 
indicator  for  crack  initiation  location  prediction.  However,  it  may  be  asserted  that  a  more 
universally  applicable  and  fundamentally  sound  indicator  is  necessary  and  must  include  all  the 
parameters  mentioned  above.  If  this  universal  parameter  is  denoted  by  T',  then  it  may  be  of  the 
form. 


9 


^  =  (p)“  •  (S)**  •  (fi)'  •  (tyee)**  •  (Aaee)®  •  ((am)ee)^  •  (Aeee)® 
where  a,  b,  c,  d,  e,  f  and  g  are  real.  Dependent  variables  in  the  above  equation  may  disappear 
which  would  reflect  on  the  value  of  the  exponent  of  the  parent  variable. 

Conclusions 

1.  Primary  fretting  fatigue  variables  in  a  single  rivet-row  lap  joint  have  been  evaluated  for 
different  amounts  of  interference,  clamping  and  a  countersunk  rivet  geometry. 

2.  In  the  absence  of  interference,  fretting  fatigue  crack  initiation  in  the  countersunk  panel  will 
occur  first.  However,  some  values  of  interference  can  cause  the  fretting  fatigue  crack  to  initiate 
in  lower  (cylindrical)  panel  hole. 

3.  For  some  values  of  interference,  a  lap  joint  with  a  non-countersunk  rivet  may  be  inferior  to 

one  with  a  countersunk  rivet.  < 

4.  The  combination  of  interference  and  clamping  is  better  than  either  considered  singly,  in 
lessening  the  threat  of  crack  initiation. 

5.  Peaks  in  the  angular  variations  of  conventional  fatigue  parameters  and  the  fretting  fatigue 
parameter,  F2,  are  usually  distinct.  This  offers  a  basis  to  identify  the  relative  weights  of  the 
primary  variables  that  drive  crack  initiation. 

6.  The  fretting  wear  parameter,  Fi,  is  a  reliable  indicator  of  fretting  wear  zones. 

7.  It  is  proposed  that  the  shift  (interference)  or  lack  thereof  (clamping),  of  the  angular  locations 
of  the  peaks  of  the  fretting  fatigue  parameters  can  be  exploited  to  optimize  the  residual  life  of 
aging  airframes.  Installing  adjacent  rivets  in  a  given  row  with  different  amounts  of  interference 
and  clamping  can  offset  the  growth  trajectories  and  limit  or  postpone  interaction  of  adjacent 
cracks  growing  towards  each  other. 
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Table  1.  The  flnite  element  models. 


Model 

Rivet  Heads 

%  Shank 
Radial 
Interference 

%  Shank 
Height 
Interference 
(Clamping) 

BO 

1  standard 

1  countersunk  (100°)  to  half  panel  thickness 

0 

0 

B1 

1  standard 

1  countersunk  (100°)  to  half  panel  thickness 

1 

0 

B2 

1  standard 

1  coimtersunk  (100°)  to  half  panel  thickness 

2 

0 

B3 

1  standard 

1  countersunk  (100°)  to  half  panel  thickness 

0 

0.5 

B4 

1  standard 

1  countersunk  (100°)  to  half  panel  thickness 

2 

0.5 
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Table  2.  Variation  of  fretting  fatigue  variables  through  the  depth  of  the  countersunk  (upper  panel)  hole. 


Model 

Installation  Gee 

Peak  Gee 

Peak  5i2 

(MPa) 

(MPa) 

(pm) 

BO 

z=0 

0 

199.3 

51.5 

z=0.5t 

0 

726.1 

47.0 

z=t 

0 

933.0 

55.6 

B1 

z=0 

159 

198.7 

■ai 

z=0.5t 

102 

336.9 

7.6 

z=t 

269 

544.2 

10.6 

B2 

z=0 

281 

303.4 

2.1 

z=0.5t 

-198 

-65.7 

2.3 

N 

II 

132 

297.2 

4.2 

B3 

z=0 

1 

202.8 

39.1 

z=0.5t 

-1 

651.2 

37.6 

z=t 

29 

848.8 

45.2 

B4 

z=0 

265 

282.0 

2.1 

z=0.5t 

-200 

-72.6 

2.1 

z=t 

179 

346.8 

mil 

*  Installation  Oee  values  are  from  the  analyses  with  the  Isotropic  hardening  approximation  [10]. 


16 


Table  3.  Summary  of  mechanistic  parameters  indicating  locations  of  fretting  wear  and  crack  initiation  in 
lap  joint  assemblies  with  countersunk  rivets. 


,  Peak  Tangential 
Stress 
(MPa) 

Peak  Fi 
(kPa.m) 

Peak  Fi 
(lO^^Pa^m) 

Model 

magnitude 

(MPa) 

e,° 

magnitude 

(kPa.m) 

e,° 

magnitude 

(10‘® 

Pa^m) 

e,° 

BO 

z=0 

99 

45.0, 78.8 

4.90 

67.5, 90.0 

30.4 

-4.3 

z=0.5t 

172 

-56.3,  -45.0 

2.52 

-22.5,  -15.6 

140.0 

-15.6 

z=t 

309 

-45.0 

3.90 

-22.5 

297.4 

-22.5 

B1 

z=0 

204 

56.3, 78.8 

4.1 

0.0, 8.7 

z=0.5t 

112 

4.3, 15.6 

0.60 

15.6,  22.4 

18.8 

22.4 

z=t 

134 

-22.5,  -8.7 

0.70 

-8.7,  -4.3 

30.0 

-4.3 

B2 

z=0 

238 

67.5,  78.8 

038 

78.8, 90.0 

15.6, 22.4 

z=0.5t 

113 

15.6, 33.7 

0.24 

15.6,  33.7 

- 

z=t 

111 

-8.7,  -4.33 

0.33 

-8.7, 4.3 

7.7 

-4.3, 4.3 

B3 

z=0 

108 

45.0, 78.7 

3.9 

67.5,90.0 

18.5 

15.6 

z=0.5t 

199 

-45.0 

2.1 

-22.5,  -8.7 

102.8 

-8.7 

z=t 

291 

-45.0 

3.0 

-22.5 

162.8 

-22.5,-15.6 

B4 

z=0 

236 

67.5, 90.0 

032 

78.8, 90.0 

3.77 

15.6, 22.4 

z=0.5t 

121 

33.7, 45.0 

! 

0.24 

- 

- 

z=t 

85 

-8.7, -4.3 

035 

-4.3, 8.7 

7.1 

*  two  angular  locations  indicates  the  range  over  which  a  peak  persists. 

-  indicates  compressive,  bulk  stresses,  and  F2  does  not  have  any  significance. 
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thickness  or  each  panel  is  t-1,53  mm.  The  rivet  is  countersunk  with  an  included  angle  of  100°  and  a  shank  diameter  of  6.12  mm;  the  rivet  head 
diameter  and  height  are  9.792  mm  and  3.83  mm  respectively,  (c)  plan  view  of  the  mesh.  The  overall  length  of  the  model  is  306  mm,  the  length  of 
the  overlap  region  is  30.6  mm  and  the  width  of  the  model  (half  the  repeat  distance)  is  15.3  mm. 


A 


Figure  2.  (a)  Profile  of  a  deformed  mesh  showing  the  four  main  rivet-panel  and  panel-panel  fretting 
fatigue  contact  locations,  (b)  Schematic  showing  the  definition  of  the  angular  locations  and  depth  in  the 
models. 
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Figure  3.  Important  fretting  fields  observed  in  laboratory  tested  riveted  lap  joints. 
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(a) 


(b) 


Figure  4.  (a)  Variation  of  contact  pressure  at  the  shank-hole  interface  with  angular  location  and  depth  for 
Model  BO,  (b)  Variation  of  contact  pressure  with  angular  location  at  depth  2=t,  where  contact  pressures 
peak,  for  Models  B 1  and  B2. 
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depth  for  Model  BO,  (b)  Angular  variation  in  Models  B1-B4  at  depth  z=t,  where  slip  amplitudes  peak. 
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A  PIEZOELECTRIC- ACTUATED  FRETTING  WEAR  MACHINE 

by 
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P.  O.  Box  1593,  Station  B 
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ABSTRACT  This  paper  describes  a  novel,  piezoelectric-driven  fretting  wear  machine 
that  can  generate  slip  amplitudes  from  Ipm  to  100  pm  and  frequencies  from  0.05  Hz  to 
30  Hz  with  contact  pressures  up  to  1  GPa.  The  closed-loop  controlled  piezoelectric 
actuator  regulates  the  sum  of  the  elastic  distortion  of  the  load  train  and  the  slip 
displacement  of  the  interface.  The  machine  facilitates  the  measurement  of  the  coefficients 
of  friction  and  the  specific  wear  rates  in  both  air  and  saline  solution  environments  under 
constant  total  displacement  and  contact  normal  force.  Some  typical  test  results  for 
aluminum  alloys  in  contact  with  hardened  steel  are  presented. 

KEY  WORDS:  fretting  wear,  fretting  corrosion,  machine  design,  piezoelectric  actuator, 
closed-loop  control,  aluminum,  steel. 


Introduction 

Fretting  wear  and  fretting  corrosion  are  complex  phenomena  involving  2 
contacting  bodies  experiencing  small,  cyclic,  relative  movement  or  slip  under  contact 
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pressure  in  a  particular  environment  (Waterhouse,  1972,  1981,  1992).  Three  of  the  most 
important  variables  are  the  small  slip  amplitude,  typically  in  the  range  of  1  jam  to  100 
pm,  the  contact  pressure  and  the  number  of  fretting  cycles.  The  measurement  of  fretting 
wear  damage  and  the  study  of  the  wear  mechanisms  call  for  a  machine  capable  of 
applying  a  large  number  of  contact  cycles  with  different,  well  defined  slip  amplitudes  and 
contact  pressures  to  small  laboratory  samples  and  the  appropriate  counterface  in  a 
controlled  environment.  Early  fretting  machines  derived  the  oscillatory  movements  from 
a  motor-driven  eccentric  cam  (Iwabuchi  and  Hori,  1988;  Smallwood  et  al.,  1988;  Sato 
and  Shima,  1988;  Hamdy  et  al.,  1981).  These  machines  produced  large  slip  amplitudes 
usually  with  low  frequencies.  One  of  the  inherent  problems  with  the  mechanical-driven 
mechanism  is  the  variability  of  the  slip  amplitude  arising  from  the  hub  clearance  typically 
of  the  order  of  10  pm  (Hamdy  et  al.,  1981).  More  recently,  Price  and  Taylor  (1988)  has 
used  an  electromagnetic  device  to  vibrate  the  specimens  at  a  frequency  between  60  to  120 
Hz  with  slip  amplitudes  more  than  25  pm.  Blanchard  et  al.  (1991)  employed  a  hydraulic- 
driven  vibrator  from  a  conventional  fatigue  machine  to  produce  frequencies  as  low  as  0. 1 
Hz,  and  slip  amplitude  of  30  pm  or  greater.  These  three  driving  mechanisms  do  not  lead 
themselves  to  providing  the  combination  of  low  frequency  and  low  peak-to-peak  slip 
amplitude  encountered  in  many  mechanical  assemblies. 

This  paper  describes  a  novel,  piezoelectric-driven  fretting  wear  machine  that  can 
generate  slip  amplitudes  from  1pm  to  100  pm  and  frequencies  from  0.05  Hz  to  30  Hz 
with  contact  pressures  up  to  1  GPa.  The  machine  has  been  used  successfully  to  reproduce 
the  fretting  conditions  in  airframe-type,  riveted  aluminum  lap  joints. 
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Machine  Design 

The  fretting  wear  machine  was  designed  to  test  samples  of  sheet  materials  in 


contact  with  either  a  spherical  or  cylindrical  counterface.  A  photograph  and  schematic 
drawing  of  the  machine  are  shown  in  Figures  1  and  2.  The  machine  consists  of  a 
specimen  holder  for  small,  e.g.,  20  mm  by  40  mm  blanks,  cut  from  2  mm-  to  3  mm-thick 
sheet  material.  The  holder  is  supported  laterally  by  a  leaf  spring.  Vertical  oscillations  are 
generated  by  a  P-843.60,  Physik  Instrumente  (PI)  piezoelectric  translator  with  internal 
strain  gage  sensor  (SGS).  The  counterface,  a  small,  e.g.,  5  mm-  to  40  mm-diameter 
sphere  or  a  5  to  10  mm-diameter  cylinder,  is  clamped  in  a  holder  mounted  on  a  40  kg 
support  riding  on  a  Thompson  Industries  linear  bearing.  The  contact  force  is  generated  by 
2,  dead  weight,  pulley-lever  arrangements,  one  in  front  and  the  other  in  the  rear,  with  a 
mechanical  advantage  of  9.  The  lever  arrangement  can  be  seen  in  Figure  1  but  is  omitted 
in  Figure  2.  A  container  (also  not  shown)  was  built  to  collect  corrosive  media  used  in 
fretting  corrosion  tests.  The  aqueous  solution  is  supplied  by  a  flask  with  an 
adjustable  valve,  which  is  able  to  supply  from  1  to  10  drops/minute  of  the  liquid.  The 
overall  dimensions  of  the  machine,  about  375  mm  high  with  a  375  mm  by  375  mm  base, 
were  selected  to  facilitate  tests  in  vacuum  under  a  bell  jar. 
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Instrumentation  and  Calibration 


Oscillating  Movement  System 

The  system  uses  piezoelectric  actuating  and  controlling  devices,  which  together 
provide  constant  cyclic  displacement  in  the  range  of  0.2  pm  to  120  pm  with  a  precision 
of  0.2  %  of  the  total  nominal  travel  (Physik  Instrumente,  1992).  The  piezoelectric  system 
consists  of  two  electronic  devices:  one  piezoelectric  (PZT)  translator  with  a  built-in  strain 
gage  sensor  (SGS)  and  one  piezoelectric  controller.  These  two  devices  work  in  a  closed- 
loop  mode  Expansion  Control  (EC)  Mode,  as  shown  in  Figure  3.  In  the  EC  mode,  the  free 
end  of  the  PZT  displaces  an  amount,  which  is  preset  by  the  operator  at  the  beginning  of 
an  experiment.  The  piezoelectric  controller  then  regulates  the  expansion  amplitude  of  the 
PZT  consistent  with  the  preset  value  using  the  feedback  from  the  strain  gauge  sensor. 
While  it  is  expected  that  the  displacement  would  be  affected  by  hysteresis,  possible  drift 
movement  of  the  PZT  and  also  by  the  changing  frictional  forces,  these  phenomenon  are 
automatically  compensated  by  the  piezoelectric  controller.  The  peak-to-peak 
displacement  is  simply  the  maximum  expansion  minus  the  minimum  expansion.  The 
actual  slip  amplitude  of  fretting  at  the  interface,  i.e.,  the  relative  movement  of  the 
contacting  surfaces,  is  obtained  by  subtracting  the  elastic  displacement  from  the  total 
peak-to-peak  displacement  of  the  tangential  force-displacement  (Ft-D)  loop.  Figure  4  is  a 
schematic  drawing  of  the  tangential  force-displacement  loop,  where  a,  b  and  c  are 
positive  elastic  displacement,  frictional  force  and  the  slip  amplitude,  respectively.  The 
ratio,  a/b,  defines  the  compliance  of  the  system. 
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Friction  Force  Measurement 


The  fretting  machine  offers  measurements  of  the  coefficient  of  friction,  |a  =  Ft/P, 
where  Ft ,  the  tangential  force,  is  generated  by  the  PZT  translator,  and  P ,  the  normal 
force,  is  applied  by  the  counterface  through  the  dead  weight,  pulley-lever  arrangement. 
While  the  tangential  force  can  not  be  measured  directly,  it  is  closely  related  to  the  input 
voltage  to  the  PZT  when  the  unit  operates  under  slip  amplitude  control  (EC  mode). 
Therefore,  the  larger  the  tangential  force,  the  higher  the  voltage  supplied  to  the  PZT  must 
be  to  maintain  constant  amplitude.  The  tangential  force  is  obtained  from  the  conversion 
of  the  input  voltage  signal  into  a  force  signal.  Two  steps  are  involved: 

(1) .  The  relation  between  force  and  input  voltage  has  been  calibrated. 

(2) .  The  input  voltage,  which  reflects  the  changes  in  the  force  with 

variations  in  the  friction  coefficient,  is  recorded  continuously 
through  a  DT  data  acquisition  system. 

A  set  of  the  state-of-art  programs  with  DT-VEE  software  was  developed  to 
collect  and  process  tangential  force  and  displacement  data  simultaneously  and 
automatically.  These  data  are  then  used  to  construct  the  fretting  loops  to  distinguish  three 
fretting  wear  patterns,  as  suggested  by  Vingsbo  and  Soderberg  (1988),  and  Zhou  and 
Vincent  (1992).  The  value  of  Ft  used  here  is  the  average  of  the  two  values  at  which  the 
gross  slip  starts  on  the  forward  and  reverse  half  of  the  cycle  as  defined  by  the  tangential 
force-displacement  (Ft-D)  hysteresis  loops. 

Normal  Force  and  Calibration 

The  dead  weight-pulley-lever  loading  system  was  calibrated  by  applying  known 
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weights  and  measuring  the  normal  force  generated  on  a  Chatillon  force  gage  normal  to 
the  mass.  The  calibration  curve,  shown  in  Figure  5,  was  linearly  regressed  as;  P  =  -  9.53 
+  93.86xW,  where  P  is  the  resulted  normal  force  in  N,  W  is  the  total  weight  in  kg. 

Machine  Stiffness 

A  calibration  procedure  was  carried  out  to  determine  the  total  compliance  of  the 
system  without  installing  samples,  the  compliance  is  linearly  regressed  to  be  0.276  |j,m/N 
(r  ^  =  0.999),  which  contributes  40  x  0.276  =  1 1.04  pm  to  the  total  elastic  displacement. 
The  other  sources  of  elastic  displacement  are  the  specimen,  sample  holder  and  the 
interface.  Under  the  given  calibration  conditions  the  contributions  from  the  above  three 
are  0.2  pm,  3.4  pm  and  4.1  pm,  respectively.  Therefore,  the  total  accountable  elastic 
deformation  is  18.7  pm,  which  is  about  93.0%  of  the  elastic  displacement  («  20.0  pm) 
obtained  from  the  fretting  loops. 

Control  of  Slip  Amplitude 

Operation  at  constant  total  displacement  does  not  produce  constant  slip  amplitude 
fretting  at  the  interfaces  when  the  frictional  force  changes  during  the  test.  An  increase  in 
frictional  force  is  accompanied  by  an  increase  in  the  elastic  component  of  the 
displacement  and  a  reduction  of  the  slip  component.  To  maintain  constant  slip  amplitude 
at  the  interface,  it  is  necessary  to  adjust  the  output  voltage  from  the  external  signal 
generator  either  manually  or  automatically.  Experience  has  shown  that  the  slip  amplitude 
is  relatively  constant  for  large  total  displacement  conditions  (e.g.,  >  60  pm).  In  that  case 
the  elastic  displacement  is  relatively  small  and  the  slip  amplitude  is  insensitive  to  changes 
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in  the  friction  coefficient. 


Experimental  Procedure 

The  nominal  displacement,  normal  force  and  frequency  are  preset  to  the  desired 
values  before  each  test  while  the  closed  loop  control  ensures  that  the  total  displacement  is 
constant  during  the  test.  The  tangential  force  and  displacement  are  intermittently 
recorded.  The  data  acquisition  takes  place  about  every  30  minutes  and  each  time  it 
collects  four  cycles  of  data.  The  acquisition  frequency  is  at  least  100  times  of  the  fretting 
frequency,  and  is  sensitive  enough  to  detect  any  variation  in  the  recording  signals. 

Fretting  studies  have  been  conducted  in  this  way  on  AA  7075-T6  and  AA  2024- 
T6  aluminum  alloys  in  received  conditions,  using  38.1  mm  x  15.3  mm  x  2.0  mm  (or  3.0 
mm  for  2024-T3)  parallelepiped  samples.  The  detailed  drawings  of  the  specimen  are 
shown  in  Figure  6.  Three  different  counterfaces  have  been  employed;  38.1  mm-diameter 
52100  bearing  steel  ball,  6.36  mm  and  19.05  mm-diameter  aluminum  cylinders.  Tests  are 
carried  out  in  both  dry  air  and  a  3.5%  sodium  chloride  solution.  The  normal 
force  is  usually  fixed  at  37.3  N,  which  yields  a  Hertzian  pressure  of  407.0  MPa.  Before 
testing,  the  specimens  are  polished  with  a  series  of  sandpaper  and  the  final  polishing 
direction  is  parallel  to  the  fretting  movement  direction.  Specimens  are  also  cleaned  with 
acetone  after  immersion  for  2.5  hours  ultrasonically  agitated  action  before  and  after  test. 
After  each  fretting  test,  a  Taylor-Hobson  Talysurf-lO  profilometer  is  used  to  measure  the 
wear  scar  parallel  and  normal  to  the  fretting  direction,  the  profile  measurements  are  made 
through  the  center  of  the  wear  scar.  These  profiles  are  used  to  calculate  the  specific  wear 
rates,  Ws,  which  is  defined  as  material  loss  per  unit  of  applied  normal  force  and  per  unit 
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of  sliding  distance,  and  the  unit  used  is  usually  m^/Nm. 

Ws  =  V/(2.5.N.P)  (1) 

where  V  iS  the  wear  volume,  5  is  the  slip  amplitude,  N  is  the  number  of  fretting  cycles, 
and  P  is  the  applied  normal  force. 

Scanning  Electron  Microscopy  (SEM)  and  Optical  Microscopy  are  also  used  to 
observe  the  fretting  wear  patterns  and  identify  the  wear  mechanisms  before  and  after 
ultrasonically  removing  the  wear  debris. 

Experimental  Results 

Figure  7  shows  typical  tangential  force,  displacement  and  force-displacement 
hysteresis  loop  records  for  three  successive  fretting  cycles  with  total  displacement 
maintained  at  80  pm.  As  the  tangential  force  increases,  the  corresponding  displacement, 
up  to  10  pm,  is  accommodated  by  elastic  distortions  of  the  PZT-actuator,  the  specimen 
holder  and  the  connections.  The  contacting  surfaces  begin  to  slip  when  the  tangential 
force  reaches  about  15  N.  Slip  proceeds  for  60  pm  with  little  increase  in  frictional 
resistance,  until  the  direction  of  displacement  is  reversed.  The  tangential  force,  15  N, 
taken  together  with  the  applied  normal  force,  37.3  N,  defines  the  coefficient  of  friction,  in 
the  case,  p  =  0.402. 

Figure  8  describes  the  variation  of  coefficient  of  friction  with  number  of  fretting 
cycles  for  7075-T6  sample  at  40  pm  slip  amplitude  in  the  saline  solution.  In  this  case,  the 
coefficient  of  fiiction  fluctuates  and  tends  to  decrease  with  increasing  number  of  cycles. 

The  profile  of  the  fretting  wear  scar  of  the  sample  described  in  Figure  8  after  N  = 
40,000  cycles,  is  shown  in  Figure  9,  and  the  corresponding  SEM  image  is  presented  in 
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Figure  10.  The  maximum  depth  of  the  wear  scar  is  25  pm,  which  may  result  from 
combined  wear  modes,  such  as  adhesion,  corrosion  and  abrasion.  The  average  specific 
wear  rate  after  N  =  40,000  cycles,  defined  by  Equation  1,  Ws,  is  7.50  x  lO'^"*  m^/Nm.  The 
diameter  of  the  fretting  scar  increases  gradually  with  wear  and  is  80%  larger  after  N  = 
40,000  fretting  cycles  with  a  corresponding  69%  reduction  of  the  contact  pressures  since 
the  normal  force  is  held  constant. 


Conclusion 

The  design  of  a  fretting  wear  and  fretting  corrosion  machine  equipped  with  a 
piezoelectric  actuator  has  been  described.  The  machine  has  following  capabilities: 

(1)  The  built-in  closed-loop  feedback  control  system  offers  constant  nominal 
displacement  during  test,  and  the  range  is  between  1  pm  to  100  pm,  which  is  independent 
of  testing  frequency,  normal  loading,  temperature  and  environment.  The  minimum 
applicable  frequency  is  about  0.05,  and  the  maximum  is  estimated  to  be  30  Hz. 

(2)  The  normal  force  is  constant  during  the  test  and  able  to  produce  the  required 
Hertzian  peak  pressures  between  200  MPa  to  1000  MPa. 

(3)  The  slip  amplitude  and  tangential  force  can  be  monitored  and  recorded 
simultaneously  during  the  test  by  using  a  DT-VEE®  data  acquisition  system. 

(4)  The  contact  area,  usually  having  a  diameter  of  about  500  pm,  can  be 
immersed  into  a  salted  solution  to  conduct  environmental  experiments. 

(5)  Coefficients  of  friction  and  the  specific  wear  rates  can  be  measured  with  the 
tribosystem  and  other  complementary  equipment. 
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Figure  4  Schematic  drawing  of  a  typical  tangential  force-displacement  (Ft-D)  hysteresis 
loop,  a/b  defines  the  system  compliance  and  c  is  the  local  slip  amplitude. 
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Figure  5  Calibration  curve  of  the  normal  force 
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Figure  7  Records  of  tangential  force  (a),  displacement  (b)  and  tangential  force- 
displacement  (Ft-D)  curves  (c)  for  three  successive  fretting  cycles.  Testing  conditions: 
7075-T6  at  60  pm  displacement,  37.3  N  normal  force  and  1  Hz  frequency  in  dry  air. 
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Figure  8  Plot  of  coefficient  of  friction  against  number  of  fretting  cycles  for  7075-T6  in 
3.5%  NaCl  solution  at  40  ^un  displacement,  37.3  N  normal  force  and  1  Hz  frequency. 
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Figure  9  Profile  of  fretting  wear  scar  of  7075-T6  specimen  after  N  -  40,000  cycles  in 
3.5%  NaCl  solution.  Total  displacement  is  40  pm  and  normal  force  is  fixed  at  37.3  N. 


Figure  10  SEM  image  of  the  fretting  wear  scar  described  in  Figure  3.9,  showing  wear 
debris  and  corrosion  product,  as  well  as  pits  in  the  middle  of  the  picture.  The  fretting 
direction  is  vertical  (J ). 
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FRETTING  CORROSION  OF  2024-T3  ALUMINUM  ALLOY 

by 

*  M.  Xue,  J.  Wert,  P.  Bastias,  G.  Hahn 

Center  for  Materials  Tribology 
Vanderbilt  University 
Nashville,  Tennessee  37235 

ABSTRACT  Fretting  corrosion  experiments  of  2024-T3  were  carried  out  with  a  unique 
fretting  wear  machine  in  both  air  and  a  saline  solution.  Fretting  damage  was  significantly 
dependent  on  both  slip  amplitudes  and  environments.  Severe  fretting  damage  resulted 
from  plastic  deformation  and  adhesion  for  25  pm  and  little  damage  was  observed  for  10 
pm  in  air.  Three  different  fretting  regions  were  identified  by  tangential  force-displacement 
loops  under  the  given  conditions  in  both  environments.  Specific  wear  rates  were  more 
than  10  times  higher  in  3.5%  NaCl  solutions  than  those  in  air  due  to  the  synergistic 
interaction  between  electrochemical  corrosion  and  fretting  wear. 

KEYWORDS:  fretting  corrosion,  fretting  wear,  coefficient  of  friction,  specific  wear  rate, 
fretting  regions,  aluminum  alloys,  wear  mechanisms. 


Introduction 

Fretting  is  the  small-amplitude  oscillatory  movement  that  may  occur  between 
contacting  surfaces,  which  are  usually  nominally  at  rest  (Waterhouse,  1992).  When 
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fretting  occurs  in  a  corrosive  environment,  namely  fretting  corrosion,  the  synergistic 
interaction  between  fretting  and  corrosion  can  enhance  both  mechanical  and  chemical 
damage  to  the  contacting  materials.  Riveted  and  pinned  connections  in  airframes  are 
susceptible  to  fretting  corrosion  problems.  As  reported  by  Hoeppner  et  al.  (1995), 
corrosion  and/or  fretting  have  been  a  contributing  factor  in  at  least  687  incidents  and 
accidents  on  aircraft  in  the  US  since  1975.  Corrosion  produces  exfoliation  swelling  at  the 
rivet  and  often  requires  costly  repair  work.  Fretting  initiates  fatigue  cracks,  produces  wear 
debris  and  results  in  premature  failure  of  riveted  and  pinned  connections.  A  better 
understanding  of  fretting  and  fretting  corrosion  will  support  efforts  to  reduce  damage  and 
unplanned  maintenance  for  corrosion  and  fretting,  and  facilitate  the  early  detection  of  the 
damage. 

Aluminum  alloys  are  prone  to  fretting  corrosion  since  the  fretting  wear  disrupts  the 
protective  oxide  film,  and  exposes  nascent  metallic  surfaces  to  further  corrosion.  Hard 
oxide  particles  produced  by  the  fretting  corrosion  assist  the  abrasion  of  the  surfaces  and 
produce  more  debris  (Waterhouse,  1992;  Hoeppner  and  Chandrasekaran,  1994).  One  of 
the  immediate  consequences  of  fretting  corrosion  of  aluminum  alloys  is  the  production  of 
black  aluminum  oxide  debris  containing  about  23%  metallic  aluminum  (Andrews  et  al., 
1968).  Particle  sizes  range  from  1  pm  down  to  less  than  0.05  pm,  depending  on  the 
degree  of  comminution.  The  coefficient  of  friction  of  aluminum  reported  by  different 
researchers  ranges  from  p  =  0.05  to  p  =  0.7  (Waterhouse,  1972;  Takehira,  1994),  and 
depends  on  tribosystems.  It  shows  a  common  trend.  Halliday  and  Hirst  (1956)  observed 
that  the  fiiction  coefficient,  p,  increases  in  the  first  few  cycles  and  falls  to  a  much  lower 
value,  after  several  hundred  cycles,  at  which  value  it  remains  relatively  constant. 
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Waterhouse  (1992)  has  summarized  the  material  loss  with  a  variety  of  contact  geometries 
and  methods.  The  specific  wear  rate  ranges  fi'om,  W,  =  10'^’  m^/Nm  to  10"’^  m  ^/Nm,  and 
with  a  strong  dependence  on  slip  amplitude.  Goto,  Ashida  and  Endo  (1987)  have  reported 
that  for  the  fretting  wear  of  an  Al-Zn-Mg  alloy  in  contact  with  itself  the  fi'etting  wear  rate 
in  wet  air  was  about  3.5  times  higher  than  in  dry  air.  Takehira  (1994)  has  observed  the 
specific  wear  rate  in  distilled  and  sea  water  were  approximately  100  times  the  rate  in  air 
for  all  three  aluminum  alloys  tested  with  a  cylinder-cross-cylinder  configuration.  The 
maximum  wear  rate  is  close  to  5.0  x  10'*^  m^/Nm.  No  information  has  been  found  from 
literature  on  the  material  loss  attending  the  fretting  contact  of  steel  with  aluminum. 

The  features  of  the  damaged  surfaces  are  influenced  by  the  variables  of  the  fretting 
process  (Bill,  1982).  The  interpretation  of  fretting  data  has  been  a  controversial  due  to  the 
complex  nature  of  fretting  phenomenon,  which  involves  as  many  as  52  parameters  (Beard, 
1982).  In  recent  years,  friction  logs  and  fretting  maps  have  been  increasingly  used  to 
describe  the  process.  Fretting  wear  damage  has  been  identified  as  three  damaging  modes 
(Zhou  and  Vincent,  1992,  1995,  1997;  Blanchard  et  al.,  1995);  (1)  non-degradation  (ND), 
(2)  cracking  and  (3)  particle  detachment  (PD),  which  correspond  to  three  distinguishable 
tangential  force-displacement  loop  shapes  (Ft-D  curves)  and  active  slip  conditions:  quasi- 
closed  (stick),  elliptic  (mixed  stick-slip)  and  parallelepiped  (full  slip),  respectively.  Two 
distinguishable  fretting  maps,  i.e.,  running  condition  fretting  map  (RCFM)  and  material 
response  fretting  map  (MRFM)  (Zhou  and  Vincent,  1992,  1993,  1995),  have  been 
proposed  and  constructed  for  three  aluminum  alloys  by  displaying  the  specific  influence  of 
individual  fretting  variables  on  the  fretting  wear  behavior. 

In  the  present  paper,  the  fretting  corrosion  of  2024-T3  in  contact  with  52100  steel 
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in  both  ambient  air  and  salted  water  was  investigated  using  a  piezoelectric-actuated, 
fretting  wear  machine.  The  influences  of  slip  amplitude,  number  of  cycles  and 
environments  on  fretting  corrosion  were  investigated.  Friction  loops  were  recorded  during 
each  experiment  to  describe  the  running  condition  and  also  determine  the  coefficient  of 
friction.  Profilometry  was  used  to  measure  the  fretting  wear  scars  and  hence  to  calculate 
the  wear  volume  and  specific  wear  rate.  Both  scanning  electron  microscopy  (SEM)  and 
optical  microscopy  were  used  to  examine  the  worn  surfaces.  Energy  Dispersive 
Spectrometry  (EDS)  was  conducted  to  analyze  the  elements  in  the  wear  debris.  The  effect 
of  fretting  variables  and  the  wear  mechanisms  are  discussed. 

Experimental  Procedure 

Fretting  corrosion  measurements  were  performed  with  a  unique  fretting  wear 
machine  which  is  more  fully  described  in  somewhere  else  (Xue,  et  al.,  to  be  published). 
Small,  sheet  coupons  of  the  test  material  are  mounted  in  a  holder  attached  to  a  stack  of 
piezoelectric  crystals  which  serves  as  the  actuator.  In  this  way,  small,  and  controlled 
displacements  in  the  range  5t  =  1 .0  pm  to  range  5t  =  100.0  pm  relative  to  a  fixed 
conterface  can  be  produced  with  frequencies  from  0.05  Hz  to  30  Hz.  A  schematic  of  the 
machine  is  shown  in  Figure  3.2.  The  machine  can  accommodate  corrosive  media  at  the 
contacting  interface.  The  conterface,  a  hardened  sphere,  is  supported  by  a  heavy  mass 
riding  on  a  linear  bearing.  The  normal  force  between  the  sample  and  counterface  is 
generated  by  2  dead  weights,  acting  through  2  sets  of  pulley  and  levers  on  the  mass 
supporting  the  steel  counterface.  The  contact  force  was  calibrated  by  applying  known 
weights,  and  measuring  the  normal  force  generated  on  a  Chatillon  force  gage  normal  to 
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the  mass.  The  displacement  is  regulated  by  the  piezoelectric  controller  which  compensates 
for  hysteresis  and  drift.  The  fiiction  force  is  deduced  from  the  input  voltage  to  the 
piezoelectric  translator.  Both  the  local  slip  amplitude  and  the  coefficient  of  fiiction  are 
deduced  from  the  friction  force-displacement  hysteresis  loops.  A  schematic  drawing  of  the 
typical  tangential  force-displacement  hysteresis  loop  is  demonstrated  in  Figure  3.4,  where 
a  is  the  elastic  displacement  of  the  loading  system,  c  is  the  slip  amplitude  at  the  contact, 
and  (2a+c)  is  the  total  displacement  (5t),  a  constant  value  during  each  fretting  test.  The 
ratio,  a/b,  defines  the  compliance  of  the  system 

Fretting  wear  and  friction  measurements  were  performed  on  3.0  mm-thick  AA 
2024-T3  sheet  in  the  as-received  condition.  The  specimens,  38.1  mm  x  17.0  mm 
rectangular  blanks,  were  hand  polished  through  600  grit  silicon  carbide  paper.  The  final 
polishing  direction  was  parallel  to  the  fretting  direction.  Specimens  were  rinsed  with 
acetone  in  an  ultrasonic  cleaner  before  tests.  The  counterface  used  was  a  38. 1  mm- 
diameter,  hardened  52100  ball  with  a  hardness  of  HRC  62.  All  tests  were  conducted  at 
room  temperature  and  a  frequency  of  1.0  Hz,  either  under  dry  condition  or  with  the 
contact  region  immersed  in  the  3.5%  NaCl  solution.  For  most  tests,  the  normal  force  was 
fixed  at  P  =  37.30  N  which  yields  a  peak  pressure  of  407.0  MPa  at  the  center  of  a 
Hertzian,  420  pm-diameter  contact  patch.  Tests  were  also  conducted  on  three  applied 
normal  loads:  P  =  18.6  N,  37.3  N  and  65.6  N,  corresponding  with  Hertzian  pressures:  po  = 
323  MPa,  407  MPa  and  491  MPa,  respectively.  After  each  fretting  test,  a  Talysurf 
profilometer  was  used  to  measure  the  wear  scar  parallel  and  normal  to  the  fretting 
direction,  the  profile  measurements  were  made  through  the  center  of  the  wear  scar  prior  to 
cleaning  and  after  immersion  for  about  2.5  hours  ultrasonically  agitated  action.  The 
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specific  wear  rate,  Ws,  is  deduced  from  V,  the  volume  of  the  wear  scar  revealed  by  the 
profilometer  trace: 

Ws  =  V  /  (2-5-N-P) 

where  5  is  the  average  local  slip  amplitude,  N  is  the  number  of  cycles  and  P  is  the  applied 
normal  force. 


Experimental  Results 

Tangential  Force-Displacement  Loops  and  CoelTicient  of  Friction 

Figure  1  shows  the  tangential  force-displacement  hysteresis  loops  for  the  fretting 
of  2024-T3  against  steel  with  a  Hertzian  contact  pressure  po  =  407  MPa,  frequency  of  1.0 
Hz  in  either  air  or  3.5%  NaCl  solution.  For  the  total  displacement  of  10  pm  [Figure  1(a)] 
in  dry  air,  the  friction  is  initially  low,  p  =  0. 12,  then  increases  to  about  p  =  0.22  for  larger 
number  of  fretting  cycles  (see  Figure  2).  At  higher  friction  level,  the  total  displacement  is 
accommodated  either  completely  by  elastic  deformation  (in  the  form  of  quasi-closed  Ft-D 
loops,  stick)  or  by  both  elastic  deformation  and  small  amount  of  slip  (elliptic  Ft-D  loops, 
mixed  stick-slip).  In  the  latter  case,  the  tangential  force-displacement  curves  are  elliptic 
with  a  slip  amplitude  of  5  =  2.4  pm.  After  about  N  =  20,000  fretting  cycles,  the  steady- 
state  loops  are  obtained  and  are  elliptic.  For  the  total  displacement  of  40  pm  [Figure  1(c)], 
the  friction  is  relatively  low  for  the  first  few  cycles,  p  »  0.2,  and  then  increases  to  p  «  0.5 
for  the  next  12,800  cycles,  leading  to  quasi-closed  (stick)  or  marginally  open,  elliptic 
loops.  Finally  friction  decreases,  p  «  0.34,  and  the  stead-state  loops  are  reached  with  the 
shape  of  parallelepiped  (full  slip)  after  about  N  =  38,000  fretting  cycles.  For  a  relative 
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large  total  displacement  of  80  pm,  slip  amplitude  5  «  60  pm  [Figure  1(d)],  the  friction  is 
approximately  constant,  p  «  0.29,  during  the  test  after  momentarily  high  value,  p  «  0.43, 
though  it  decreases  at  the  end  of  the  test.  The  tangential  force-displacement  curves  are 
always  parallelepiped-like  shapes  throughout  the  test  and  the  finctional  force  increases 
rapidly  at  two  ends  of  the  displacement.  Under  wet  conditions,  for  the  displacement  of  10 
pm,  only  elliptic  tangential  force-displacement  curves  are  observed  after  the  initial 
parallelepiped,  as  seen  in  Figure  1(b).  No  quasi-closed  curves  are  observed  compared  to 
Figure  1(a)  in  air. 

Coefficient  of  friction  values  deduced  from  above  tangential  force-displacement 
loops  for  different  total  displacements  and  in  both  dry  and  wet  conditions  are  presented  as 
a  function  of  the  number  of  fretting  cycles  in  Figure  2.  The  coefficient  of  fnction  in  dry 
air  is  generally  higher  than  in  NaCl  solution  at  both  low  and  high  total  displacements,  but 
after  N  =  40,000  cycles  all  the  coefficient  of  friction  curves  tend  to  approach  to  a  similar 
value,  around  p  =  0. 18.  For  small  total  displacements  the  coefficient  of  friction  shows  a 
peak  value  following  an  initial  low  value,  then  decreases  to  a  steady  state  value. 
Alternatively  for  large  total  displacements  the  fnction  coefficient  curves  shows  more 
peaks.  The  steady-state  values  of  the  coefficient  of  friction  are  listed  in  Table  4. 1  for 
fretting  tests  under  three  different  levels  of  Hertzian  contact  pressures:  po  =  323  MPa,  407 
MPa  and  491  MPa  (with  applied  normal  forces;  P  =  18.6  N,  37.3  N  and  65. 6N, 
respectively).  Under  mediate  and  high  contact  pressures,  the  steady-state  coefficient  of 
friction  is  close  to  a  similar  value,  i.e.,  p  =  0.30  in  dry,  and  p  =  0.188  in  wet  conditions. 
With  lower  contact  pressure,  the  steady-state  coefficient  of  fnction  is  relatively  high,  and 
is  close  to,  p  =  0.60. 
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Specific  Wear  Rates 


Measurements  of  wear  scar  and  the  specific  wear  rate  are  complicated  by  the 
build-up  of  wear  debris.  In  some  cases,  the  profile  of  the  wear  scar  on  the  aluminum 
sample,  immediately  after  testing,  reflects  a  build-up  of  material  and  a  volume  increase 
arising  from  wear  debris  deposited  on  top  of  the  wear  scar.  With  ultrasonic  cleaning, 
usually  a  wear  scar  in  the  form  of  a  depression  was  usually  uncovered  in  the  surface,  as 
shown  in  Figure  3 .  Energy  Dispersive  Spectrometry  (EDS)  indicates  that  the  debris 
consists  of  both  aluminum  oxide  and  iron  oxide.  Micrographs  and  profiles  of  the  wear 


Table  4. 1  Coefficient  of  fiiction  of  2024-T3  in  contact  with  steel 
under  5t  =  60  pm  and  different  normal  force. 


Normal  Force 

CoeflBcient  of  Friction 

(N) 

In  Air 

In  Saline  Solution 

18.6 

0.565 

0.598 

37.3 

0.308 

0.194 

65.6 

0.295 

0.181 
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scars  are  reproduced  in  Figure  4.  It  illustrates  that  the  material  loss  is  almost  lOx  higher  in 
wet  condition  than  in  dry  condition.  Two  sets  of  measured  specific  wear  values  are 
summarized  in  Figure  5:  (1)  2024-T3  flat  in  contact  with  the  steel  sphere,  (2)  2024-T3  flat 
in  contact  with  2024-T3  hemisphere.  These  results  show  that  the  specific  wear  rates  are  in 
the  range:  10'*^  m^/Nm  <  Ws  <  10'*^  m^/Nm  for  dry  contact,  and  10''^  m^/Nm  <  Ws  <  lO'*^ 
m^/Nm  for  wet  contact.  The  specific  wear  rate  of  2024-T3  alloy  in  contact  with  steel  is  the 
highest  observed. 

Wear  Scar  Profiles 

The  effect  of  number  of  cycles  on  fretting  wear  process  was  investigated  by 
carrying  out  two  sets  of  experiments:  one  set  was  for  total  displacement  of  10  pm  with  N 
=  500  cycles,  5000  cycles,  25,000  cycles  and  50,000  cycles;  the  second  set  utilized  a  total 
displacement  of  25  pm  with  the  same  series  of  cycles.  Figure  6  shows  profiles  of  wear 
scars  on  cleaned  2024-T3  samples  and  their  corresponding  steel  counterfaces  before 
cleaning  at  a  total  displacement  of  10  pm.  Depending  on  the  number  of  cycles,  some  of 
the  steel  counterfaces  did  not  show  any  surface  damage  other  than  little  wear  debris 
transferred  from  aluminum  samples.  On  the  other  hand,  the  aluminum  samples  all 
experienced  progressive  surface  damage  that  depends  on  the  number  of  fretting  cycles. 
After  both  500  cycles  and  5,000  cycles  the  sample  surfaces  were  worn  sufficiently  to 
accommodate  the  surface  shape  of  the  much  harder  counterface  and  the  roughness  was 
reduced  compared  to  the  unfretted  surfaces.  After  N  =  50,000  cycles,  the  surface  was 
further  deformed  and  the  damaged  area  was  larger  than  that  after  500  and  5,000  cycles.  In 
Figure  7  the  cleaned  counterfaces  are  quite  smooth  and  do  not  exhibit  any  remaining 


9 


transferred  aluminum  debris.  For  total  displacement  of  10  }xm,  the  profiles  of  the  worn 
aluminum  samples  after  ultrasonic  cleaning  are  very  similar  to  the  profiles  of  uncleaned 
specimens.'  This  indicates  that  the  fretting  damage  is  minimal. 

Figure  8  shows  the  profiles  of  the  wear  scars  of  aluminum  samples  and  the 
corresponding  steel  counterfaces  prior  to  cleaning  under  a  25  pm  total  displacement.  After 
500  and  5,000  cycles  the  counterfaces  did  not  exhibit  much  surface  damage  except  wear 
debris  transferred  from  the  aluminum  samples.  After  50,000  cycles,  a  large  amount  of 
material  was  transferred  from  the  aluminum  sample  to  the  counterface.  Conversely  the 
aluminum  samples  exhibited  progressive  surface  damage  with  increasing  fretting  cycles. 
Similar  to  previous  observations  for  the  total  displacement  of  10  pm  after  500  cycles  and 
5,000  cycles,  the  surfaces  of  aluminum  samples  were  deformed  to  accommodate  the 
surface  shapes  of  the  harder  counterfaces.  The  roughness  was  also  reduced  compared  to 
the  unfretted  surface  and  the  waviness  was  greatly  increased.  After  50,000  cycles,  the 
aluminum  surface  was  not  only  deformed  plastically,  but  a  large  particle  of  the  aluminum 
alloy  was  formed  and  removed.  After  ultrasonic  cleaning,  the  aluminum  sample  shows  an 
even  larger  materials  loss  and  the  steel  counterface  did  not  suffer  any  surface  damage  after 
50,000  cycles,  as  shown  in  Figure  9. 


Discussion 


Coefficient  of  Friction 

From  Figures  2  and  3,  it  is  seen  that  the  friction  for  2024-T3  in  contact  with  steel 
is  generally  lower  in  saline  solution  than  in  air.  This  may  be  due  to  the  lubrication  effect  of 
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water  and  softening  effect  (Gahr,  1987)  of  the  corrosive  media  surrounding  the  contact 
area.  Among  four  sets  of  tangential  force-displacement  curves,  all  hysteresis  loops  shows 
a  short  period  of  full  slip  at  the  beginning  of  each  test  with  low  friction,  which  can  be 
attributed  to  the  lubrication  effect  of  preexisting  oxide  layer  on  the  surfaces  (Halliday  and 
Hirst,  1956).  For  total  displacement  of  80  pm,  the  rapid  increase  of  friction  at  two  ends  of 
the  total  displacement,  as  shown  in  Figure  1(d),  is  due  to  the  ridges  (Blanchard  et  al., 

1995)  formed  plastically  at  the  top  and  bottom  of  the  wear  scar,  as  illustrated  in  Figure 
8(c). 

As  also  shown  in  Figure  1,  the  form  of  friction  coefficient  curves  is  that  usually 
found  in  fretting  tests;  an  initially  very  low  friction  due  to  the  oxide  film  in  the  first  few 
cycles,  which  can  be  referred  to  the  first  hysteresis  loop  of  each  set  of  the  tangential  force- 
displacement  curves  in  Figure  1,  immediately  a  high  friction  is  observed  in  the  first  few 
hundred  cycles  because  the  oxide  film  breaks  down  due  to  fretting  disruption,  and  thus 
metal-to-metal  contact  area  increases,  resulting  in  high  friction.  This  has  been  also 
confirmed  by  measuring  the  electric  resistance  of  the  fretting  pair  (Waterhouse,  1972). 
After  the  friction  reaches  maximum  value,  it  decreases  and  fluctuates  for  some  cycles  and 
finally  reaches  the  steady-state  value.  The  reason  is  that  the  newly  formed  oxide  film  and 
the  loose  oxidized  wear  debris,  i.e.,  so-called  third  bodies  (Blanchard  et  al.,  1995), 
accumulate  between  the  contacting  surfaces  and  accommodate  the  relative  slip,  which 
causes  a  decrease  of  friction.  More  peaks  at  high  slip  amplitude  are  attributed  to  the 
repeating  re-adhesion  of  wear  particles  to  the  parent  surface  (Goto  et  al,  1987).  This  re¬ 
adhesion  leads  to  the  formation  of  a  pile-up  debris  layer  which  acts  as  an  obstruction 
during  fretting  motion  so  that  the  fiiction  increases  up  to  the  second  peak  value.  As  the 
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obstacle  breaks  down,  the  friction  decreases  again  to  a  steady  state  value. 

Specific  Wear  Rates 

The  result  for  2024-T3  against  2024-T3  is  similar  to  the  findings  of  Goto,  Ashida 
and  Endo  (1987)  for  higher  slip  amplitudes,  e.g.,  50  pm  to  100  pm  which  represent  the 
total  displacement  rather  than  the  local  values  of  slip  amplitudes.  The  values  for  contact 
with  steel  in  the  saline  environment  are  5x  the  highest  values  reported  by  Goto  et  al., 
(1987).  Their  results  may  be  lower  because  they  used  the  profile  traces  of  wear  scars 
without  removing  wear  debris  and  the  total  displacement  rather  than  the  local  slip 
amplitudes  when  calculating  the  specific  wear  rate. 

Total  Displacement  and  Fretting  Wear  Mechanisms 

The  number  of  fretting  cycles  have  great  effect  on  the  wear  process,  and  the  wear 
mechanisms  can  be  identified  through  analyzing  the  profiles  and  the  wear  scars.  Figure  6 
suggests  the  aluminum  samples  experienced  progressive  surface  damage,  but  the 
counterfaces  did  not  suffer  any  surface  damage  other  than  wear  debris  transferred  from  the 
aluminum  samples.  The  accommodation  of  sample  surfaces  to  the  surface  shape  of  the 
harder  counterface  indicates  that  abrasion  (plowing)  and  possibly  plastic  deformation 
are  two  of  the  wear  mechanisms  for  fretting  under  small  total  displacement.  Figure  10 
contains  micrographs  of  the  aluminum  sample  and  the  counterface  before  cleaning.  It  is 
obvious  that  two  different  areas  are  present  on  the  aluminum  surfaces;  one  is  the  sticking 
area  (white  and  shining  area)  and  the  other  the  slip  area  (dark  area).  The  sticking  area 
consists  of  asperities  that  adhered  to  the  steel  and  resulted  in  material  transfer. 
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Micrographs  of  these  sticking  areas  at  higher  magnifications  are  shown  in  Figure  1 1.  It  is 
believed  these  sticking  areas  are  responsible  for  most  of  the  fretting  damage  to  the 
material  surface. 

For  fretting  wear  with  25  pm  total  displacement,  materials  transfer  occurred  after 
about  50,000  fretting  cycles,  which  is  a  typical  adhesion  wear,  suggesting  under  the  given 
conditions  severe  adhesion  is  the  main  mechanism,  though  localized  plastic  deformation 
also  contributes  to  the  reduction  of  roughness  and  increase  of  waviness  of  the  surfaces. 
Figure  12  includes  the  micrographs  of  the  aluminum  samples  and  counterfaces  prior  to 
cleaning.  It  is  seen  that  the  micrographs  of  the  contacting  pair  matched  each  other  exactly. 
The  sticking  area  (white  area)  and  slip  area  (dark  area)  existed  after  both  500  and  5,000 
cycles.  The  sticking  area  is  almost  continuous  and  the  slip  area  is  larger  than  that  obtained 
for  5t  =  10  pm  fretting  tests.  After  50,000  cycles  the  sticking  area  disappears  and  the  slip 
area  accounts  for  the  total  nominal  contact  area.  This  indicates  that  so-called  full  slip  has 
occurred.  At  this  point  the  amount  of  oxide  generated  is  tremendous  and  a  compacted 
oxide  bed  is  formed  on  the  sample  surface.  Figure  13  shows  micrographs  of  fretted  areas 
at  higher  magnifications.  It  is  again  found  that  adhesion  is  a  major  contributor  to  the  either 
stick-slip  mode  or  gross  slip  mode.  For  the  gross  slip  mode  fatigue  may  be  another 
mechanism  involved  in  the  fretting  damage  since  microcracks  are  found  on  both  aluminum 
sample  and  steel  counterface,  besides  finite  element  analysis  (Kragelski,  1988)  has  shown 
that  the  tangential  force  is  cyclic  during  each  cycle  of  fretting  sliding.  The  debris 
transferred  to  the  counterface  contains  a  large  amount  of  metallic  aluminum.  The  fretting 
regime  is  changed  from  partial  slip  to  gross  slip.  However,  the  steady-state  fretting  wear 
seemed  to  be  the  fretting  wear  between  the  worn  aluminum  sample  and  the  broken 
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juncture.  The  counterface  merely  played  the  role  as  a  holder  of  the  juncture.  Therefore, 
the  specific  wear  rate  is  initially  high,  then  decreased  and  finally  reached  at  a  relatively 
constant  value,  steady-state  specific  wear  rate. 

The  main  fretting  damage  can  be  attributed  to  adhesion  wear  which  results  in 
material  transfer  and  initiates  microcracks.  From  the  profiles  of  the  wear  scars  parallel  to 
the  fretting  direction,  it  is  obvious  that  large  amount  of  plowing  has  occurred  and  changed 
the  contact  conditions.  Surface  cracks  observed  on  both  aluminum  sample  and  the 
counterface  in  full  slip  mode  indicates  that  fatigue  or  delamination  may  be  another  damage 
mechanism  involved  in  the  fretting  wear  process.  Flake-like  debris  was  observed  in  the 
SEM  studies.  The  extremely  fine  wear  debris  shown  in  Figure  13  is  proof  of  the  existence 
of  fatigue  cracks  since  only  the  fretting  wear  of  the  two  surfaces  of  cracks  can 
result  in  such  fine  debris  (Waterhouse,  1992).  The  general  fretting  process  of  tribosystem 
examined  can  be  stated  as;  when  two  materials  are  brought  together  asperities  on  the 
weaker  material  deform  plastically  and  elastically  first  to  accommodate  the  harder 
counterface.  The  fretting  motion  causes  the  deformed  asperities  to  suffer  further  plastic 
deformation  or  fatigue.  The  debris,  resulting  fi'om  the  breakdown  of  preexisting  oxide 
layer  and  adhesive  junctures  and  also  delamination  of  surface  layers,  fiUlls  in  the  gaps 
between  the  strip-shaped  asperities  and  the  surface  roughness  decreases.  The  plastic 
deformation  of  the  surface  material  leads  to  the  increase  of  contact  area.  The  increasing 
contact  area  increases  the  possibility  of  juncture  formation  and  growth.  However,  cyclic 
displacement  may  rupture  the  junctures  by  either  overloading  or  fatigue  mechanism,  and 
result  in  material  transfer.  This  material  transfer  may  introduce  surface  or  subsurface 
microcracks.  The  formation  of  surface  and  subsurface  microcracks  enhances  the  possibility 
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of  delamination  and  fatigue.  It  has  also  proven  that  abrasion  plays  a  role  in  the  fretting 
wear  processes  under  the  given  conditions  in  this  paper. 

Conclusion 

(1)  Three  fretting  running  conditions  exist  in  the  fretting  wear  and  fretting 
corrosion  of  2024-T3  aluminum  alloy.  In  gross  slip  condition,  severe  adhesion  and  metal 
transfer  occur  in  the  given  tribosystem. 

(2)  Curves  of  coefficient  of  friction  have  one  peak  for  low  slip  amplitudes  and 
more  peaks  for  high  slip  amplitudes.  Coefficient  of  friction  is  significantly  dependent  on 
slip  amplitude  and  applied  normal  force. 

(3)  Specific  wear  rates  are  nearly  10  times  higher  in  NaCl  solution  than  in  dry  air 
due  to  the  synergistic  interaction  of  fretting  and  corrosion. 

(4)  Plastic  deformation,  adhesion  and  fatigue  are  the  main  damage  mechanisms 
involved  in  the  fretting  corrosion  of  2024-T3  in  contact  with  52100  steel. 
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loop,  a/b  defines  the  system  compliance  and  c  is  the  local  slip  amplitude. 
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Figure  3  Evolution  of  friction  logs  with  number  of  fretting  cycles  for  2024-T3  vs.  steel 
with  f  =  1 .0  Hz  imder  po  =  407  MPa  for  various  displacement:  (a)  6t  =  1 0  pm  in  ambient 
air,  (b)  8t  =  10  pm  in  saline  solution,  (c)  5t  =  40  pm  in  ambient  air,  and  (d)  5t  =  80  pm  in 
saline  solution. 
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Figure  4  Typical  friction  coefficient  curves  as  the  function  of  number  of  fretting  cycles 
for  2024-T3  fretting  against  a  52100  steel  ball  in  both  dry  and  wet  conditions. 
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Figure  5  Profilometer  measurements  of  the  wear  scars  produced  by  N  =  lO"*  fretting 
cycles  for  a  2024-T3  sample  against  a  steel  ball  in  ambient  air  for  a  contact  pressure  po  = 
407  MPa.  Fretting  produces  a  build-up  of  debris.  Removal  of  the  debris  by  washing 
reveals  a  25  pm-deep  wear  scar. 
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Figure  7  Variation  of  the  specific  wear  rate,  Ws,  with  slip  amplitude  for  2024-T3 
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Figure  10  Profilometer  traces  of  2024-T3  sample  and  steel  ball  prior  to  cleaning,  after 
(a)  500  fretting  cycles,  lOKx,  (b)  50,000  cycles,  2Kx,  and  (c)  perpendicular  to  (b)  for 
Po  =  407  MPa,  5t  =  25  pm. 


Figure  1 1  Profilometer  traces  of  2024-T3  sample  and  steel  ball  after  cleaning,  after  (a) 
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Figure  12  SEM  and  optical  images  of  (a)  2024-T3,  and  (b)  the  counterface  for  5,000 
cycles  with  a  frequency  of  1  Hz  under  po  =  407  MPa  for  5t  =  1 0  pm. 
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FRETTING  CORROSION  OF  7075-T6  ALUMINUM  ALLOY 

by 

M.  Xue,  J.  Wert,  P.  Bastias,  G.  Hahn 
Center  for  Materials  Tribology 
Vanderbilt  University 
Nashville,  Tennessee  37235 

Abstract:  Fretting  corrosion  experiments  of  7075-T6  were  carried  out  with  a  unique 
fretting  wear  machine  in  both  air  and  a  saline  solution.  Fretting  damage  was  significantly 
dependent  on  slip  amplitude,  contact  pressure  and  environment.  The  coefficient  of 
friction  is  generally  higher  in  air  with  large  total  displacement  than  in  saline  solution. 
Specific  wear  rates  were  found  to  be  more  than  10  to  100  times  higher  in  3.5%  NaCl 
solutions  than  those  in  air  due  to  the  synergistic  interaction  between  electrochemical 
corrosion  and  fretting  wear.  The  wear  mechanisms  were  also  discussed. 

Keywords:  fretting  corrosion,  fretting  wear,  coefficient  of  friction,  specific  wear  rate, 
fretting  regions,  aluminum  alloys,  wear  mechanisms. 

Introduction 

Fretting  is  defined  as  the  small-amplitude  oscillatory  movement  that  may  occur 
between  contacting  surfaces  nominally  at  rest  (Waterhouse,  1992).  When  fretting  takes 
place  in  a  corrosive  environment,  called  fretting  corrosion,  the  synergistic  interaction 
between  fretting  and  corrosion  can  enhance  both  mechanical  and  chemical  damage  to  the 
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contacting  materials.  Riveted  and  pinned  connections  in  airframes  are  susceptible  to 
fretting  corrosion  problems.  As  reported  by  Hoeppner  et  al.  (1995),  corrosion  and/or 
fretting  have  been  a  contributing  factor  in  at  least  687  incidents  and  accidents  on  aircraft 
in  the  US  since  1975.  Corrosion  produces  exfoliation  swelling  at  the  rivet  and  often 
requires  costly  repair  work.  Fretting  initiates  fatigue  cracks,  produces  wear  debris  and 
results  in  premature  failure  of  riveted  and  pinned  connections.  A  better  understanding  of 
fretting  and  fretting  corrosion  will  support  efforts  to  reduce  damage  and  unplanned 
maintenance  for  corrosion  and  fretting,  and  facilitate  the  early  detection  of  the  damage. 

Aluminum  alloys  are  notoriously  prone  to  fretting  corrosion  since  the  fretting 
wear  disrupts  the  protective  oxide  film,  and  exposes  nascent  metallic  surfaces  to  further 
corrosion.  Hard  oxide  particles  produced  by  the  fretting  action  assist  the  abrasion  of  the 
surfaces  and  produce  more  debris  (Gahr,  1987;  Hoeppner  and  Chandrasekaran,  1994; 
Waterhouse,  1992).  One  of  the  immediate  consequences  of  fretting  corrosion  of 
aluminum  alloys  is  the  production  of  black  aluminum  oxide  debris  which  contains  about 
23%  metallic  aluminum  (Andrews  et  al.,  1968).  Particle  sizes  range  from  1  jxm  down  to 
less  than  0.05  p,m,  depending  on  the  degree  of  comminution.  The  coefficient  of  friction  of 
aluminum  under  fretting  conditions  reported  by  different  researchers  ranges  from  p,  = 

0.05  to  p  =  0.7  (Waterhouse,  1972;  Takehira,  1994),  and  depends  on  tribosystems.  It 
shows  a  common  trend.  Halliday  and  Hirst  (1956)  observed  that  the  friction  coefficient, 
p,  increases  in  the  first  few  cycles  and  falls  to  a  much  lower  value,  after  several  hundred 
cycles,  at  which  value  it  remains  relatively  constant.  Waterhouse  (1992)  has  summarized 
the  material  loss  with  a  variety  of  contact  geometries  and  methods.  The  specific  wear  rate 
ranges  from,  Ws  =  10‘*^  m^/Nm  to  10’*^  m^/Nm,  and  with  a  strong  dependence  on  slip 


2 


amplitude.  Goto,  Ashida  and  Endo  (1987)  have  reported  that  for  the  fretting  wear  of  an 
Al-Zn-Mg  alloy  in  contact  with  itself  the  fretting  wear  rate  in  wet  air  is  about  3.5  times 
higher  than  in  dry  air.  Takehira  (1994)  found  the  specific  wear  rate  in  distilled  and  sea 
water  is  approximately  100  times  the  rate  in  air  for  all  three  aluminum  alloys  tested  with 
a  cylinder-cross-cylinder  configuration.  The  maximum  wear  rate  is  close  to  Ws  =  5.0x10' 
m^/Nm.  No  information  has  been  found  from  literature  on  the  material  loss  attending 
the  fretting  contact  of  steel  with  aluminum. 

The  interpretation  of  fretting  data  is  complicated  by  the  many  variables— as  many 
as  52— that  affect  surface  damage  (Beard,  1982).  In  recent  years,  friction  logs  and  fretting 
maps  have  been  increasingly  used  to  describe  the  process.  Three  damage  modes  (Zhou 
and  Vincent,  1992,  1995,  1997;  Blanchard  et  al.,  1995):  (1)  non-degradation  (ND),  (2) 
cracking  and  (3)  particle  detachment  (PD)  have  been  identified.  There  correspond  with 
three  distinguishable  tangential  force-displacement  loop  shapes  (Ft-D  curves)  and  active 
slip  conditions:  quasi-closed  (stick),  elliptic  (mixed  stick-slip)  and  parallelepiped  (full 
slip),  respectively.  Two  distinguishable  fretting  maps,  i.e.,  running  condition  fretting  map 
(RCFM)  and  material  response  fretting  map  (MRFM)  (Zhou  and  Vincent,  1995,  1997), 
have  been  proposed  and  constructed  for  three  aluminum  alloys  by  displaying  the  specific 
influence  of  individual  fretting  variables  on  the  fretting  wear  behavior. 

In  the  present  paper,  the  fretting  corrosion  of  7075-T6  in  contact  with  itself  and 
52100  steel  in  both  ambient  air  and  saline  solution  was  investigated  using  a  piezoelectric- 
actuated,  fretting  wear.  The  influences  of  slip  amplitude,  contact  pressure,  number  of 
cycles  and  environments  on  fretting  corrosion  were  investigated.  Tangential  force- 
displacement  hysteresis  loops  (Ft-D  curves)  were  recorded  during  each  experiment  to 
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describe  the  running  condition  and  also  determine  the  coefficient  of  friction.  Profilometry 
was  used  to  measure  the  fretting  wear  scars  and  hence  to  calculate  the  wear  volume  and 
specific  wear  rate.  Both  scanning  electron  microscopy  (SEM)  and  optical  microscopy 
were  used  to  examine  the  worn  surfaces.  Energy  Dispersive  Spectrometry  (EDS)  was 
carried  out  to  analyze  the  elements  in  the  wear  debris.  The  effect  of  fretting  variables  and 
the  wear  mechanisms  are  discussed. 

Experimental  Procedure 

Fretting  corrosion  measurements  were  performed  with  a  unique  fretting  wear 
machine  which  is  more  fully  described  in  somewhere  else  (Xue,  et  al.,  to  be  published). 
Small,  sheet  coupons  of  the  test  material  are  mounted  in  a  holder  attached  to  a  stack  of 
piezoelectric  ceramics  which  serves  as  the  actuator.  In  this  way,  small,  and  controlled 
total  displacements  in  the  range  5t  =  1.0  pm  to  range  5t  =  100.0  pm  relative  to  a  fixed 
conterface  can  be  produced  with  frequencies  from  0.05  Hz  to  30  Hz.  A  schematic  of  the 
machine  is  shown  in  Figure  3.2.  The  machine  can  accommodate  corrosive  media  at  the 
contacting  interface.  The  conterface,  either  a  hardened  steel  sphere  or  a  7075-T6 
hemisphere,  is  supported  by  a  heavy  mass  riding  on  a  linear  bearing.  The  normal  force 
between  the  sample  and  counterface  is  generated  by  2  dead  weights,  acting  through  2  sets 
of  pulley  and  levers  on  the  mass  supporting  the  steel  or  aluminum  counterface.  The 
contact  force  was  calibrated  by  applying  known  weights,  and  measuring  the  normal  force 
generated  on  a  Chatillon  force  gage  normal  to  the  mass.  The  displacement  is  regulated  by 
the  piezoelectric  controller  which  compensates  for  hysteresis  and  drift.  The  friction  force 
is  transformed  from  the  input  voltage  to  the  piezoelectric  translator.  Both  the  local  slip 
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amplitude  and  the  coefficient  of  friction  are  deduced  from  the  friction  force-displacement 
hysteresis  loops.  A  schematic  drawing  of  the  typical  tangential  force-displacement 
hysteresis  loop  is  demonstrated  in  Figure  3.4,  where  a  is  the  elastic  deformation,  c  is  the 
local  slip  amplitude  and  (2a  +  c)  is  the  total  displacement,  a  constant  value  during  each 
fretting  test.  The  ratio,  a/b,  defines  the  system  compliance. 

Fretting  wear  and  friction  measurements  were  performed  on  2.0  mm-thick  AA 
7075-T6  sheet  in  the  as-received  condition.  The  specimens,  38.1  mm  x  17.0  mm 
rectangular  blanks,  were  hand  polished  through  600  grit  silicon  carbide  paper.  The  final 
polishing  direction  was  parallel  to  the  fretting  direction.  Specimens  were  rinsed  with 
acetone  in  an  ultrasonic  cleaner  before  tests.  Four  types  of  counterface  were  used:  38.1 
mm-  and  6.35  mm-diameter,  hardened  52100  balls  with  a  hardness  of  HRC  62,  as  well  as 
19.05  mm-  and  6.35  mm-diameter  7075-T6  hemispheres.  All  tests  were  conducted  at 
room  temperature  and  a  frequency  of  1.0  Hz,  either  under  dry  condition  or  with  the 
contact  region  immersed  in  the  3.5%  NaCl  solution.  The  normal  force  was  usually  fixed 
at  P  =  37.30  N  which  yields  a  peak  pressure  of 407.0  MPa  at  the  center  of  a  Hertzian,  420 
pm-diameter  contact  patch,  though  normal  force,  P  =  18.6  N,  34. 3N  and  65.6  N,  were 
also  used.  After  each  fretting  test,  a  Talysurf  Profilometer  was  used  to  measure  the  wear 
scar  parallel  and  normal  to  the  fretting  direction,  the  profile  measurements  were  made 
through  the  center  of  the  wear  scar  prior  to  cleaning  and  after  immersion  for  about  2.5 
hours  ultrasonically  agitated  action.  The  specific  wear  rate,  Ws,  is  deduced  from  V,  the 
volume  of  the  wear  scar  revealed  by  the  profilometer  trace: 

Ws  =  V  /  (2-5-N-P) 

where  5  is  the  average  local  slip  amplitude,  N  is  the  number  of  cycles  and  P  is  the  applied 
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normal  force. 


Experimental  Results 

Tangential  Force-Displacement  Loops  and  Coefficient  of  Friction 

Figure  1  shows  the  tangential  force-displacement  hysteresis  loops  for  the  fretting 
of  7075-T6  against  itself  under  a  peak  pressure  of  1000  MPa,  frequency  of  1.0  Hz  and  in 
3.5%  NaCl  solution.  For  the  total  displacement  of  25  pm  [Figure  1(a)],  the  friction  is 
initially  low,  p  =  0.21,  till  N  =  1,500  cycles,  then  increases  to  an  approximately 
constant  value,  p  =  0.30.  The  tangential  force-displacement  loops  are  always  symmetric 
with  the  shape  of  parallelepiped.  The  total  displacement  is  accommodated  by  both  elastic 
deformation  within  the  testing  machine  and  the  relative  slip  between  the  contacting 
surfaces.  For  larger  total  displacement  of  40  pm  [Figure  1(b)],  the  friction  is  low,  p  = 
0.29,  at  the  beginning,  then  it  increases  to  p  =  0.42  with  number  of  fretting  cycles.  After 
about  N  =  33850  cycles,  the  friction  decreases  to  a  relatively  constant  value,  p  =  0.15, 
and  the  stead-state  loops  are  reached.  The  tangential  force-displacement  loops  are 
parallelepiped-like  shapes  with  an  average  slip  amplitude  of  5  =  32  pm  throughout  the 
test.  The  loops  were  symmetrical  before  N  =  1434  cycles,  then  became  non-symmetrical 
with  rapid  increase  of  friction  at  the  upper  end  of  the  fretting  displacement.  Under  the 
testing  conditions,  no  quasi-closed  or  elliptic  hysteresis  loops  are  observed. 

Coefficient  of  friction  values  deduced  from  above  tangential  force-displacement 
loops  for  different  total  displacements  and  in  both  dry  and  wet  conditions  are  presented  as 
a  function  of  the  number  of  fretting  cycles  in  Figure  2.  For  7075-T6  in  contact  with  steel 


6 


[Figure  2(a)]  under  Hertzian  pressure  P  =  407  MPa,  the  coefficient  of  friction  in  dry  air  is 
generally  higher  than  in  NaCl  solution  at  the  tested  total  displacement.  In  dry  air  the 
coefficient  of  friction  shows  two  peak  values  following  an  initial  low  value,  |a  =  0.20, 
then  decreases  to  a  steady  state  value,  p  =  0.30.  The  form  of  friction  coefficient  curves  is 
the  typical  one  observed  in  fretting  wear  tests.  Alternatively  in  saline  solution  the  friction 
coefficient  curve  shows  more  peaks  with  much  more  fluctuation.  For  fretting  corrosion  of 
7075-T6  against  itself  [Figure  2(b)],  the  coefficient  of  friction  shows  similar  fluctuation 
to  that  of  7075-T6  versus  steel  ball.  The  values  of  friction  coefficient  are  higher  at  larger 
total  displacement  than  those  of  smaller  displacement.  The  steady-state  (after  4  x  lO'* 
fretting  cycles)  values  of  the  coefficient  of  friction  are  also  listed  in  Table  5.1  for  fretting 
tests  of  total  displacement  of  60  pm  under  three  different  levels  of  applied  normal  forces: 
P  =  18.6  N,  37.3  N  and  65. 6N  (corresponding  with  Hertzian  contact  pressures:  po  =  323 
MPa,  407  MPa  and  491  MPa,  respectively).  With  mediate  and  high  contact  pressures,  the 
steady-state  coefficient  of  friction  is  close  to  a  similar  value,  i.e,,  p  =  0.22  in  dry,  and  p  = 
0.17  in  wet  conditions.  With  lower  contact  pressure,  the  steady-state  coefficient  of 
friction  is  relatively  high,  and  is  close  to,  p  =  0.33. 
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Table  5.1  Coefficient  of  Friction  of  7075-T6  against  steel 

under  5t  =  60  tim  and  different  contact  pressures 


Hertzian  Pressure 

Coefficient  of  Friction 

(MPa) 

In  air 

In  saline  solution 

323 

0.327 

0.337 

407 

0.226 

0.168 

491 

0.215 

0.166 

Wear  Scar  Profiles  and  SEM  Observations 

Figure  3  shows  typical  profiles  of  wear  scars  on  7075-T6  flat  samples  after 
fretting  corrosion  tests  in  saline  solution.  Figure  3(a)  is  the  results  from  7075-T6  fretting 
against  7075-T6  under  the  pressure  po  =  1000  MPa  after  N  =  40,000  cycles.  Depending 
on  imposed  total  displacement,  the  fretting  damage  increases  significantly.  From  total 
displacement  5t  =  10  |j,m,  25  pm,  40  pm  to  5t  =  80  pm,  the  area  and  depth  of  the  fretting 
scars  increase  by  about  6  and  5  times,  respectively.  The  SEM  image  of  the  wear  scar  for 
test  at  6t  =  80  pm  is  presented  in  Figure  4(a),  where  the  fretting  direction  can  be  easily 
identified  according  to  the  orientation  of  long  score  marks.  There  is  also  evidence  of 
fretting  corrosion  debris  adjacent  to  the  fretting  area.  Figures  5.3(b)  and  5.4(b)  show  the 
profiles  and  SEM  picture  of  wear  scars  of  the  aluminum  specimens  from  fretting 
corrosion  of  7075-T6  against  steel  under  the  pressure  po  =  1,000  MPa  after  N  =  40,000 
cycles.  Similar  to  previous  observation,  the  fretting  damage  depends  strongly  on  the  total 
displacement.  However,  the  severity  of  damage  is  much  less  than  that  in  the  case  of 
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7075-T6  versus  7075-T6.  For  6t  =  10  ^ini,  materials  loss  is  limited  to  pitting  whilst  for 
larger  total  displacement,  the  damage  increases  with  apparently  similar  shape  of  wear 
scars.  The  SEM  micrograph  clearly  shows  large  size  of  corrosion  product  which  covers 
both  fretted  area  and  non-fretted  area. 

Specific  Wear  Rates 

Two  sets  of  measured  specific  wear  values  at  a  total  displacement  5t  =  10  pm  are 
summarized  in  Figure  7:  (1)  7075-T6  flat  in  contact  with  the  steel  sphere  in  saline;  (2) 
7075-T6  flat  in  contact  with  7075-T6  hemisphere  in  ambient  atmosphere.  The  contact 
pressures  are  po  =  407  MPa  for  the  former  and  453  MPa  for  the  latter.  These  results  show 
that,  in  both  cases,  the  specific  wear  rates  are  high  at  the  beginning  of  the  tests,  then 
dramatically  decrease  to  low  values  around  N  =  500  cycles.  The  specific  wear  rates  are 
relative  constant  thereafter,  and  are  Ws  =  6.7  x  lO’^'*  m^/Nm  and  Ws  =  9.70x10’''^  m^/Nm 
for  7075-T6  against  7075-T6  in  air  and  7075-T6  against  steel  in  saline  solution, 
respectively. 

Specific  wear  rates  have  also  been  plotted  against  average  slip  amplitude  in 
Figure  8.  The  symbols  used  in  the  plot  stand  for:  7--7075-T6;  w— in  saline  solution;  d—  in 
air;  p— aluminum  against  aluminum;  b— aluminum  against  steel;  1— under  Hertzian 
pressure  po  =  407  MPa;  and  2— under  po  =  1,000  MPa.  From  this  wide  range  of  fretting 
configurations,  it  can  be  stated  that  the  specific  wear  rates  (Ws)  is  strongly  dependent  on 
slip  amplitude,  and  Ws  of  aluminum  versus  aluminum  is  the  highest  in  saline  solution, 
followed  by  the  order  of  aluminum  fretting  against  steel  in  saline  solution  and  aluminum 
in  contact  with  steel  in  air.  The  specific  wear  rates  are  in  the  range:  10'^^  m^/Nm  <  Ws  < 
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10'^^  m^/Nm  for  dry  contact,  and  10'*^  m^/Nm  <  Ws  <  10'^^  m^/Nm  for  wet  contact. 


Discussion 


Coefficient  of  Friction 

From  Figures  5. 1,  5.2  and  Table  5, 1,  it  is  seen  that  the  friction  is  generally  lower 
in  saline  solution  than  in  air.  This  may  be  due  of  the  lubrication  effect  of  water  and 
softening  effect  (Gahr,  1987)  of  the  corrosive  media  surrounding  the  contact  area.  Among 
two  sets  of  tangential  force-displacement  curves,  all  hysteresis  loops  shows  a  short  period 
of  low  friction  at  the  beginning  of  each  test,  which  can  be  attributed  to  the  lubrication 
effect  of  preexisting  oxide  layer  on  the  surfaces  (Halliday  and  Hirst,  1956).  For  total 
displacement  of  40  pm,  the  rapid  increase  of  friction  at  upper  end  of  the  displacement,  as 
shown  in  Figure  3(b),  is  due  to  the  ridges  (Blanchard  et  al.,  1995;  Xue,  et  al.,  to  be 
published)  formed  at  the  top  of  the  wear  scar.  The  lower  part  does  not  show  the  similar 
increase  in  friction,  which  may  be  that  the  ridges  are  wiped  away  with  the  help  of  fluxing 
of  the  corrosive  liquid,  which  eases  the  egress  of  the  wear  debris. 

As  also  shown  in  Figure  2,  the  form  of  friction  coefficient  curves  is  the  typical  one  found 
in  fretting  tests:  an  initially  very  low  friction  due  to  the  oxide  film  in  the  first  few  cycles, 
which  can  be  referred  to  the  first  hystereis  loop  of  each  set  of  the  tangential  force- 
displacement  curves  in  Figure  1,  immediately  a  high  friction  is  observed  in  the  first  few 
hundred  cycles  because  the  oxide  film  breaks  down  due  to  fretting  disruption,  and  thus 
metal-to-metal  contact  area  increases,  resulting  in  high  friction.  This  has  been  also 
confirmed  by  measuring  the  electric  resistance  of  the  fretting  pair  (Waterhouse,  1972). 
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After  the  friction  reaches  maximum  value,  it  decreases  and  fluctuates  for  some  cycles  and 
finally  reaches  the  steady-state  value.  The  reason  is  that  in  air  the  newly  formed  oxide 
film  and  the  loose  oxidized  wear  debris,  i.e.,  so-called  third  bodies  (Godet,  1984;  Godet 
et  al.,  1980),  accumulate  between  the  contacting  surfaces  and  accommodate  the  relative 
slip,  which  causes  a  decrease  of  friction.  A  typical  compacted  debris  bed  is  shown  in 
Figure  7.  More  peaks  are  attributed  to  the  repeating  re-adhesion  of  wear  particles  to  the 
parent  surface  (Endo  and  Goto,  1978;  Goto  et  al.,  1987).  This  re-adhesion  leads  to  the 
formation  of  a  pile-up  debris  layer  which  acts  as  an  obstruction  during  fretting  motion  so 
that  the  friction  increases  up  to  the  second  peak  value.  As  the  obstacle  breaks  down,  the 
friction  decreases  again  to  a  steady  state  value.  The  fluctuation  of  friction  coefficient  in 
saline  solution  implies  that  adhesion  occurs  periodically  during  fretting  processes. 

Specific  Wear  Rates 

It  seems  that  the  initial  Hertzian  pressure  has  little  effect  on  the  specific  wear  rates 
of  7075-T6,  as  demonstrated  in  Figure  5.  The  wear  rates  of  7075-T6  vs.  steel  under  po  = 
1000  MPa  are  not  significantly  different  from  that  under  po  =  1000  MPa  for  all  tested  slip 
amplitudes.  This  observation  is  consistent  with  the  result  of  steel  against  steel  in  air  and 
seawater  (Sato  et  al.,  1986),  but  disagrees  with  Bill’s  review  (1982)  in  which  the  specific 
wear  rate  is  proportional  to  the  applied  normal  load.  The  reason  is  that  the  increase  of 
contact  pressure  was  achieved  by  reducing  the  size  of  the  counterface,  instead  of  simply 
increasing  the  normal  load.  In  addition,  under  constant  total  displacement  the  increase  of 
applied  normal  force  reduces  the  local  slip  amplitude,  as  demonstrated  in  Figure  8,  which 
is  similar  to  Waterhouse’s  observation  (1972).  This  reduced  slip  amplitude  produces  less 
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materials  loss  and  thus  lower  specific  wear  rate  (Bill,  1982;  Waterhouse,  1992).  The 
result  for  7075-T6  against  7075-T6  is  similar  to  the  findings  of  Goto,  Ashida  and  Endo 
(1987)  for  higher  slip  amplitudes,  e.g.,  50  |j,m  to  100  pm  which  represent  the  total 
displacement  rather  than  the  local  values  of  slip  amplitudes.  The  values  for  contact 
with  steel  in  the  saline  environment  are  5x  the  highest  values  reported  by  Goto  et  al. 
(1987).  Their  results  may  be  lower  because  they  used  the  profile  traces  of  wear  scars 
without  removing  wear  debris  and  the  total  displacement  rather  than  the  local  slip 
amplitude. 

Aluminum  suffers  more  fretting  damage  when  it  frets  against  itself  than  against 
steel,  as  illustrated  in  Figures  5.3  and  5.4.  This  is  because  similar  metals  have  higher 
solubility,  implying  higher  coefficient  of  friction  (Hutchings,  1991),  and  thus  produce 
more  severe  adhesive  wear  than  dissimilar  metal  pairs  (Rabinowicz,  1968).  Under  a  total 
displacement  of  40  m  and  po  =  407  MPa  in  air,  the  steady-state  coefficient  of  friction  is  p 
=  0.44  for  7075-T6  against  itself,  and  p  =  0.28  for  7075-T6  in  contact  with  steel.  Profiles 
in  Figure  9  clearly  show  that  much  more  materials  transfer  occurs  between  7075-T6  vs. 
7075-T6  than  7075-T6  vs.  steel. 

Fretting  Wear  Mechanisms 

It  has  been  accepted  that  a  synergistic  interaction  exists  between  fretting  wear  and 
corrosion.  This  synergistic  interaction  accelerates  the  wear-corrosion  damage  and  causes 
severe  materials  loss.  Through  examining  the  changes  of  profiles  and  wear  scars  with 
increasing  number  of  cycles,  the  wear-corrosion  mechanisms  may  be  identified.  For 
7075-T6  against  steel  in  saline  solution,  Figure  10  suggests  the  aluminum  samples 
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experience  progressive  surface  damage  and  materials  loss.  The  reason  may  be  the 
interaction  between  fretting  wear  and  corrosion  through  pit  formation  and  growth,  and 
material  removal.  In  Figure  10(a),  pits,  such  as  A,  B  and  C,  were  first  formed  possibly  by 
adhesion  and/or  abrasion.  After  N  =  5,000  cycles  [Figure  10(b)],  both  the  depth  and  the 
number  of  pits  increases,  and  surface  material  is  gradually  removed.  Further  material 
removal  occurred  after  N  =  50,000  cycles,  as  shown  in  Figure  10(c).  The  bottom  of  the 
scar  became  smooth,  and  pits  were  also  developed.  In  contrast.  Figure  1 1,  the  profiles  of 
wear  scars  from  7075  fretted  against  steel  in  air,  indicates  neither  pits  are  developed  nor 
large  amount  of  material  is  lost.  A  following  mechanism  is  proposed:  after  initial  removal 
of  preexisting  oxide  layer  by  abrasion,  metal-to-metal  contact  prevails;  then  adhesive 
wear,  which  undoubtedly  occurs  in  the  early  stages  of  fretting,  results  in  materials 
transfer  and  introduces  mechanical  pitting  in  aluminum.  Abrasion  may  also  form 
microscopic  grooves  and  dents  which  serve  as  sites  for  concentration  cell  corrosion 
(Madsen,  1992).  In  the  mean  time,  corrosion  further  promotes  the  growth  of  these  pits 
[Figures  10(a)  and  10(b)]  by  rapidly  dissolving  aluminum  atoms  into  the  solution  due  to 
the  unfavorable  ratio  of  anode  area  to  cathode  area,  as  well  as  the  high  stress  field  fi-om 
the  asperity  contact  (Meletis  and  Lian,  1991).  Microcracks  are  formed  around  these  pits. 
Fretting  action,  such  as,  abrasion,  adhesion  and  fatigue  mechanisms,  removes  the 
remaining  weakened  materials  (including  the  newly  formed  oxide  layer).  During  the 
process,  new  pits  are  continuously  initiated  and  enlarged  by  wear  and  corrosion.  This 
process  is  facilitated  by  the  localized  nature  of  fretting  and  corrosion  (Meletis  and  Lian, 
1991).  Pits  and  cracks  surrounding  those  pits  can  be  clearly  seen  in  Figure  12(a).  This 
mechanism  may  explains  the  observation  in  Figure  5,  where  the  specific  wear  rates 
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decrease  with  increasing  number  of  fretting  cycles.  Because  pits  resulting  from  adhesion 
and  corrosion  act  as  reservoirs  for  the  saline  solution  which  separates  the  contact 
surfaces.  While  pitting,  abrasion  and  fatigue  still  continue  to  remove  materials  at  a 
somewhat  constant  rate;  adhesion  seems  not  to  play  an  important  role  in  the  later  stage  of 
the  fretting  corrosion.  Therefore,  specific  wear  rate  decreases  at  the  beginning  to  a 
constant  rate. 

For  fretting  wear  in  air,  the  main  fretting  damage  can  be  attributed  to  adhesion 
wear  which  results  in  material  transfer,  as  seen  in  Figure  9(b).  Large  amount  of  plastic 
deformation  has  occurred  locally  and  changed  the  contact  conditions.  Surface  cracks  and 
removal  of  oxide  platelets  suggest  that  fatigue  and  delamination  (Waterhouse  and 
Wharton,  1976)  are  the  damage  mechanisms.  Figure  12(b)  is  an  exemplary  picture  of  the 
delamination  process.  Not  much  difference  is  found  between  7075-T6  and  2024-T3  in  the 
shapes  of  tangential  force-displacement  hysteresis  loops  and  forms  of  coefficient  of 
friction.  Therefore,  the  fretting  process  for  examined  7075-T6  is  similar  to  that  for  2024- 
T3  (Xue,  et  al.,  to  be  pulished),  and  can  be  stated  as:  when  two  materials  are  brought 
together  asperities  on  the  weaker  material  deform  plastically  and  elastically  first  to 
accommodate  the  harder  counterface.  The  fretting  motion  causes  the  deformed  asperities 
to  suffer  further  plastic  deformation  or  fatigue  damage.  The  debris,  resulting  from  the 
breakdown  of  preexisting  oxide  layer  and  adhesive  junctures  and  also  delamination  of 
surface  layers,  fills  in  the  gaps  between  the  strip-shaped  asperities  and  the  surface 
roughness  decreases.  Wiping  the  debris  produces  new  metal-to-metal  contact,  which 
increases  the  possibility  of  juncture  formation  and  growth.  However,  cyclic  displacement 
may  rupture  the  junctures  by  either  overloading  or  fatigue  mechanism,  and  result  in 


14 


material  transfer.  This  material  transfer  may  introduce  surface  or  subsurface  microcracks. 
The  formation  of  surface  and  subsurface  microcracks  enhances  the  possibility  of 
delamination  and  fatigue. 


Conclusion 

(1)  Only  the  full  slip  mode  is  observed  in  the  fretting  corrosion  of  7075-T6 
aluminum  alloy  in  saline  solution,  though  mixed  stick-slip  mode  appears  in  fretting 
experiments  conducted  in  air  under  the  same  total  displacement.  This  is  a  consequence  of 
the  lower  friction  resistance  obtained  in  saline  solution.  Under  full  slip  mode,  severe 
adhesion  and  metal  transfer  occur  in  the  given  tribosystem. 

(2)  Curves  of  coefficient  of  friction  have  the  typical  form  that  is  usually  found  in 
fretting  wear  tests,  but  there  are  two  or  more  peaks  and  more  fluctuation  at  large  total 
displacement  and  in  saline  solution.  The  value  of  the  coefficient  of  friction  is 
significantly  dependent  on  slip  amplitude,  environments  and  applied  normal  force. 

(3)  The  specific  wear  rate  is  initially  high  for  small  amount  of  fretting  cycles, 
then  reduces  to  an  approximately  cycle  independent  value  of  the  order  of  Ws  =  10'^^ 
m^/Nm.  Specific  wear  rates  are  more  than  10  times  higher  in  NaCl  solution  than  in  air 
due  to  the  synergistic  interaction  of  fretting  and  corrosion.  The  highest  specific  wear  rate 
is  the  highest  from  7075-T6  vs.  7075-T6  in  saline  solution,  then  followed  by  7075-T6  vs. 
steel  in  saline  solution;  the  lowest  wear  rate  is  from  7075-T6  vs.  steel  in  air. 

(4)  Abrasion,  adhesion  and  fatigue  are  the  main  damage  mechanisms  involved  in 
the  fretting  corrosion  of  7075-T6  in  air.  Adhesion,  pitting,  abrasion  and  fatigue  all 
contribute  to  the  fretting  corrosion  of  7075-T6  in  saline  solution. 
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(5)  A  fretting  corrosion  mechanism  was  proposed  to  explain  the  synergistic 
interaction  of  fretting  and  corrosion  for  aluminum  alloys  in  various  fretting  conditions.  It 
states  that  the  initial  breakdown  of  adhesive  junctures  produces  mechanical  pits,  and 
abrasion  also  causes  grooves  and  dents;  those  pits  and  dents  form  corrosion  cells  and  can 
grow  by  atom  dissolving.  Microcracks  are  initiated  around  those  highly  stress/strain 
concentrated  pits,  and  abrasion  wear,  fatigue  and  delamination  facilitate  the  removal  of 
cracked  materials  directly  underneath  the  counterface. 
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Figure  1  Schematic  diagram  of  the  fretting  wear  machine  (mechanical  part) 
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Figure  3(a)  Evolution  of  friction  logs  with  number  of  fretting  cycles  for  7075-T6  vs. 
7075-T6  with  f  =  1.0  Hz  under  po  =  1000  MPa  at  a  total  displacement  5t  =  25  pm  in  saline 
solution. 


Figure  3(b)  Evolution  of  friction  logs  with  number  of  fretting  cycles  for  7075-T6  vs. 
7075-T6  with  f  =  1.0  Hz  under  po  =  1000  MPa  at  a  total  displacement  5t  =  40  pm  in  saline 
solution. 


Figure  4  Typical  friction  coefficient  curves  as  the  function  of  number  of  fretting  cycles: 
(a)  7075-T6  fretting  against  52100  steel  in  both  air  and  saline  solution,  (b)  7075-T6  in 
contact  with  itself  at  different  total  displacement  in  saline  solution. 
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Figure  5(a)  Profilometer  measurements  of  the  wear  scars  produced  by  N  =  4x  1  O'* 
fretting  cycles  for  7075-T6  samples  against  7075-T6  in  saline  solution  with  po  =  1000 
MPa,  and  total  displacement  6t  =  10  pm,  25  pm,  40  pm  and  80  pm,  respectively. 
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Figure  5(b)  Profilometer  measurements  of  the  wear  scars  produced  by  N  =  4x  1  O'* 
fretting  cycles  for  7075-T6  samples  against  steel  in  saline  solution  with  po  =  1000  MPa, 
and  total  displacement  8t  =  10  pm,  25  pm,  40  pm  and  80  pm,  respectively. 


Figure  6  Micrographs  of  wear  scars  obtained  after  N  =  4x  1  O'*  fretting  cycles  for  po  = 
1000  MPa,  6t  =  80  pm  and  f =1.0  Hz  in  saline  solution  for  7075-T6  against:  (a)  a  7075-T6 
hemisphere,  (b)  a  52100  steel  sphere. 
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Figure  9  SEM  picture  of  uncleaned  7075-T6  sample  against  a  steel  ball  for  6t  =  25  pm 
and  po  ==  407  MPa  after  N  =  1 0'^  cycles,  showing  compacted  debris  bed  in  the  center  and 
dispersive,  fine  debris  particles  around  the  contact  area. 
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Figure  10  Plot  of  fretting  ratio,  slip  amplitude/total  displacement  (5/5t),  as  a  function  of 
the  normal  force  for  7075-T6  after  N  =  4x  1  O'*  fretting  cycles  against  7075-T6  in  ambient 
air  (T)  and  saline  solution  (A),  against  steel  in  air  (O)  and  in  saline  solution  (•).  Higher 
normal  force  leads  to  smaller  local  slip  amplitude. 
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Figvire  1 1  Profilometer  traces  of  7075-T6  samples  after  N  =  4x  1  O'*  fi'etting  cycles  for  po 
=  1000  MPa  and  5t  =  10  pm  in  ambient  air:  (a)  against  a  steel  sphere,  showing  little  wear 
damage,  (b)  against  7075-T6  hemisphere,  showing  severe  adhesion  occurred. 
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Figure  12  Profilometer  traces  of  cleaned  7075-T6  sample  against  a  steel  ball  in  saline 
solution  after:  (a)  N  =  500,  (b)  N  =  5,000,  (c)  N  =  50,000  fretting  cycles,  for  po  =  407 
MPa  and  5t  =  40  pm. 
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Figure  1 3  Profilometer  traces  of  cleaned  7075-T6  sample  against  a  steel  ball  in  air  after: 
(a)  N  =  5,000,  (b)  N  =  15,000  fretting  cycles  for  po  =  407  MPa  and  5t  =  80  jam. 


Figure  14  SEM  image  of  high  magnification  for  typical  wear  scars  resulted  from 
fretting  7075-T6  against  steel  in  saline  solution,  showing  (a)  pits  and  cracks  initiated  from 
these  pits,  (b)  fish  scale-liked  morphology  and  the  delamination  of  the  scale. 


